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ABSTRACT
Moose (Alces alces) have experienced considerable declines along the periphery
of their range in the northeastern United States. In Vermont, the population declined by
approximately 44% from 2010 to 2017 despite minimal hunter harvest and adequate
habitat. Populations in New Hampshire and Maine have shown similar declines,
associated primarily with the impacts of winter ticks (Dermacentor
albipictus). However, uncertainty exists about the effects of environmental and other
parasite related conditions on moose survival and reproduction. I examined patterns of
moose survival and productivity among a radio-collared population (n = 127) in Vermont
from 2017 to 2019. In terms of productivity, I estimated pregnancy rates, birth rates, and
neonate daily survival (the probability that a newborn would survive to day 60). Across
years, pregnancy rates were estimated at 67% (95% CI = 0.51 - 0.82). The average birth
rate was 0.64 offspring per adult female per year, but varied as a function of age and year,
where the probability of giving birth increased with cow age. Neonate daily survival was
estimated with a logistic exposure analytical framework, and closely associated with days
since birth. Survival to day 60 was estimated at 0.65 (95% CI = 0.44 to 0.79). Observed
adult survival of collared individuals was 90% in 2017 (27 of 30), 84% in 2018 (38 of
45), and 86% in 2019 (38 of 44), and observed winter calf survival was 60% in 2017 (18
of 30), 50% in 2018 (15 of 30), and 37% in 2019 (11 of 30). Most mortalities occurred in
March and April, when winter tick engorgement on moose peaked. Necropsy analyses
indicated that winter tick infestation was the primary cause of mortality (91% of calves,
25% of adults), and 32% of all mortalities had evidence of meningeal worm
(Parelaphostrongylus tenuis). Known fates analyses of weekly calf survival (01 Jan – 18
May, n = 90) and monthly adult survival probability (Jan to Jan) confirmed that survival
in both calves and adults was negatively related to winter ticks, and in the case of calves,
a suite of other parasites, including lungworm (Dictyocaulus spp.). Results indicate that
winter tick engorgement strongly impacts survival and is probably compounded by the
presence of meningeal worm and other parasites. Compounding effects of winter ticks on
adult females likely reduces productivity and neonate survival over time.
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CHAPTER 1: EFFECTS OF WINTER TICKS AND INTERNAL PARASITES ON
MOOSE SURVIVAL IN VERMONT, USA
1.1. Introduction
Moose (Alces alces) are an important component of forest ecosystems and occur
widely throughout northern North America, Europe, and Asia (Timmerman and Rodgers
2005; Franzmann and Schwartz 2007). Populations in North America span the majority
of Canada and Alaska, as well as the northern border of the contiguous United States and
into the Rocky Mountains (Franzmann and Schwartz 2007). Populations of moose can
also be found throughout the northern New England region of the United States (Maine,
New Hampshire, and Vermont), which represents the southeastern periphery of their
North American distribution. Localized densities are often positively associated with
spruce-fir habitat and land with active timber harvest (DeGraaf and Yamasaki 2001,
Lenarz et al. 2009).
Moose play important cultural and ecological roles in New England. Viewing and
hunting moose are valuable intrinsic and economic activities for local communities
(Timmermann and Rodgers 2005). Moose also exert major ecological impacts due to
their large size and metabolic requirements (Franzmann and Schwartz 2007). They affect
ecosystem dynamics directly as an important prey species for top predators and
scavengers, and indirectly through their browsing (Wallgren et al. 2013). For example, in
high densities, over-browsing and excessive bark stripping can alter regenerating forests
enough to impact forest management plans and drive how commercial forest
prescriptions are applied (Timmermann and Rodgers 2005, Wallgren et al. 2013).
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The moose population in Vermont is managed as a game species and has
experienced large population changes over past decades (VFWD 2009). Rebounding
from extirpation in the early 1900s, moose in the state responded favorably to new
growth forests created through commercial forestry and the absence of large predators
during the 1980s and 1990s (Alexander 1993). By 2005, the population had grown to
approximately 4,800 individuals, higher than ever previously recorded in the state
(Alexander 1993, personal communication 2018). Vermont’s Fish and Wildlife
Department responded to this growth and accompanying conflict by increasing the
number of moose hunting permits to slow growth and maintain densities at their
ecological and cultural carrying capacities (C. Alexander, personal communication 2018).
After reaching an estimated 3,000 moose in 2010, the state reduced the number of
permits to maintain its population goal. Despite decreased hunting pressure the
population continued to decline, reaching an estimated 1,665 individuals in 2017, 44%
below the target population (C. Alexander, personal communication 2018). Population
density in the northeastern part of the state, where the largest number of moose occur,
was estimated at 0.39/ km2 (C. Alexander, personal communication 2018). This trend is
not unique to Vermont, as moose populations are decreasing throughout New England
and across the extent of their southern distribution in North America (Murray et al. 2006,
Lankester 2010, Jones et al. 2017, Jones et al. 2019).
Theories explaining this decline vary regionally, but many implicate climate
factors (McCann et al. 2013, Jones et al. 2017). Moose are adapted to cold climates, with
large body size and thick dark hair evolved for maximum heat retention (Lenarz et al.
2009). High ambient temperature negatively affects moose by decreasing movement and
2

feeding while increasing physiological stress (Lenarz et al. 2009, McCann et al. 2013).
These effects are most significant with unusually warm spring temperatures when moose
have yet to shed their winter coats (Lenarz et al. 2009, Dou et al. 2013).
Land use change after European contact and a warming climate also has allowed
for movement of white-tailed deer (Odocoileus virginianus) northward, increasing moose
exposure to historically absent parasites and pathogens (Samuel 2004, Murray et al.
2006). Deer have evolved with many parasites and developed, to differing degrees,
behavioral and physiological symbiotic relationships with them; moose by comparison
have not (Samuel 2004). Having evolved in the north and migrated south, moose only
recently came into contact with these shared parasites and pathogens and have yet to
develop effective behavioral strategies (e.g., self-grooming) or evolved mechanisms to
limit their impact (Samuel 2004, Samuel 2007).
Of the parasites that coexist with deer, meningeal worm (Parelaphostrongylus
tenuis) and winter tick (Dermacentor albipictus) have the greatest impact on moose
(Samuel 2004, Musante et al. 2007, Lankester 2010, Musante et al. 2010, Jones et al.
2017). White-tailed deer are the definitive host of meningeal worm and typically do not
succumb to the associated lesions. As a dead-end host, the meningeal worm is thought to
be most always fatal to moose, and can have population level effects in areas of high deer
density (Lankester 2010). A larger concern lies in the winter tick, with recent studies in
New Hampshire and Maine concluding winter ticks are the primary cause of mortality for
moose in New England (Musante et al. 2007, 2010, Bergeron et al. 2013, Dunfey-Ball
2017, Jones et al. 2017, Ellingwood et al. 2019, Jones et al. 2019), with some moose
hosting an astonishingly high number of ticks (>50,000/individual) (Jones et al. 2019).
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Other parasites that affect moose in New England include lungworm
(Dictyocaulus spp.), round worm (Nematodirus spp.), nasal bot fly (Cephenemyia spp.),
large American liver fluke (Cioloides magna), and a variety of tapeworms, primarily
Moniezia spp. and Taenia ovis krabbei (Franzmann and Schwartz 2007, Jones et al.
2019). While a variety of these and other parasites can be found during necropsies or in
hunter harvested animals, they are often considered secondary factors to mortality
(Musante et al. 2010, Jones et al. 2019).
Even though moose are adapted for long, cold, snowy winters, they, like other
ungulates, can be negatively affected by severe winter weather (Dussault et al. 2005,
Lundmark and Ball 2008). Moose are adapted to survive winter in a negative nutritional
balance, metabolizing stored fat to compensate for a low protein diet (Franzmann and
Schwartz 2007, Ellingwood et al. 2019). As that fat store begins to diminish in late
winter, moose rely heavily on the nutritious forage that emerges with the onset of spring
(Schwartz 1992). In the case of a long and high snowfall winter, spring vegetation growth
can be delayed and energetic expenditures exceed forage inputs (Franzmann and
Schwartz 2007). This can cause direct mortality to moose, especially in younger age
classes and smaller individuals (Ellingwood et al. 2019). When paired with the energy
expense associated with winter tick infestations, individuals can become weak and
succumb more quickly (Ellingwood et al. 2019).
Finally, anthropogenic sources of mortality may also be a factor contributing to
moose mortality in Vermont and the northeastern US. Moose avoid highly humanized
areas due to decreases in moose habitat associated with human development (Wattles and
DeStefano 2011). The most notable form of direct mortality is vehicle collisions as
4

moose often congregate at “salt licks” in the spring (Leblond et al. 2009, Danks and
Porter 2010), roadside pools of water that concentrate sodium chloride used on roadways
during winter to melt snow and ice. Moose, like many cervids, require salt in the spring
and are attracted to these concentrated pools (Leblond et al. 2009). Congregations of
moose on roadways during low-light hours, paired with their dark silhouette, makes them
especially susceptible to vehicle collisions (Leblond et al. 2009).
The recent and continuing decline of moose in Vermont presents a significant
management challenge for agencies charged with maintaining viable populations.
Populations in nearby regions have experienced periodic epizootics (> 50% parasiteinduced mortality) in the 9-12 month age class which lends urgency to understanding
factors associated with these declines (Musante et al. 2010, Bergeron et al. 2013, Jones
2016). As an animal with a relatively low reproductive rate, moose may be more
susceptible to consecutive epizootics that cause large scale mortality of the juvenile age
class (Musante et al. 2007). Occurrence of large-scale mortality, paired with the life
history characteristics of moose, could lead to extirpation of moose from Vermont if
current trends continue.
We examined survival patterns of radio-collared moose in Vermont to better
understand declines and inform future management. The objectives of our study were to
1) assess individual health of radio-collared moose at time of capture, 2) determine
causes of mortality by monitoring and following the fates of the marked population, and
3) estimate survival probability for calf and adult age classes based on the effect of
temporal and individual covariates.
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1.2. Methods
1.2.1. Study Area
We conducted the study in northeastern Vermont (Figure 1-1), which represents
the southwestern edge of moose (Alces alces americanana) distribution in the
northeastern US. The study area encompassed two state wildlife management units
(WMU), E1 and E2, where moose density is relatively high (ca. 0.39/km2) compared with
other regions in the state (Figure 1-1; VTFWD 2017). The study area was 1,738 km2,
occurred mostly within Essex County, and included 21 towns. Boundaries of the study
area were U.S. Rt. 2 north to the Canadian border and Vermont Rt. 114 east to the
Connecticut River. Vermont Rt. 105 separated WMU E1 and E2 with E1 to the north and
E2 to the south (Figure 1-1).
The study area largely consisted of northern hardwoods, including yellow birch
(Betula alleghaniensis), sugar maple (Acer saccharum), and beech (Fagus grandifolia) in
mid and higher elevations, and red spruce (Picea rubens) and balsam fir (Abies
balsamea) on elevated peaks. Lowlands and wet areas were primarily comprised of black
spruce (Picea mariana) and speckled alder (Alnus incana). Forest age classes varied
throughout the study area as a result of differing forest management approaches on public
and private ownership. During this study approximately 30% was conserved in federal or
state managed forests and saw little timber harvest, while approximately 45% was owned
by private companies who actively harvested timber resources. This ownership pattern
created a mosaic of age classes across the landscape.
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Located in northern New England, the study area had four distinct seasons,
defined here as summer (Jun-Aug), fall (Sep-Nov), winter (Dec-Feb), and spring (MarMay). Summer temperatures can reach 32 °C in the study area, with annual temperatures
averaging 11 °C (NCDC 2019). Annual precipitation typically ranges from 100 to 110
cm per year (NCDC 2019). Average snowfall totals range between 220 and 250 cm
annually (NCDC 2019) and can vary considerably with elevation throughout the study
area.

Figure 1-1. Study area (1,738 km2) in northeastern Vermont, USA relative to other
surrounding New England states (NH = New Hampshire, ME = Maine, MA =
Massachusetts, CT = Connecticut, RI = Rhode Island). The northern boundary adjoins
Quebec, Canada. Triangles represent locations of weather stations.
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1.2.2. Radio-collaring
Over a period of 3-6 days in January of 2017, 2018, and 2019, we affixed radiocollars to a sample population of adult female (≥ 1 year old), and female and male calves
(< 1 year old). Capture was mainly by aerial net-gunning by helicopter and physical
restraint, and by aerial darting in rare circumstances where netting was unsafe and posed
a considerable risk to the target individual (Musante et al. 2010, Jones et al. 2017).
Native Range Capture Services (NRCS, Elko, Nevada) conducted all moose
captures. Ear tags with a unique identifying number (Global Large Female, ALLFLEX
USA, Texas, USA) were attached to each moose. Additionally, each moose was fitted
with a Survey Globalstar V7.1 GPS collar (VECTRONIC Aerospace GmbH, Berlin,
Germany) equipped with a VHF beacon that operated from 6am to 6pm, and a global
positioning system (GPS) sensor that transmitted a GPS location every 13 hrs. Collars on
females weighed approximately 0.85 kg and those on males weighed approximately 0.90
kg. Each radio-collar was equipped with a mortality switch that triggered when collars
were immobile for 5 consecutive hours. Calf collars had expandable collar webbing to
accommodate growth. Animal capture and handling followed guidelines of the American
Society of Mammalogists (Sikes et al. 2016) and all protocols were reviewed and
approved by the University of Vermont Institutional Animal Care and Use Committee
(protocol #17-035).
1.2.3. Objective 1: Health assessment at capture
Biological samples and physical measurements were collected at capture to gauge
individual condition. These included feces, hair, winter ticks, and 30 ml of blood from
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each captured moose (see Appendix I for a copy of the capture datasheet). We also
counted ticks along four 10 cm transects on the shoulder and rump and used the sum of
counts as an index of total ticks on each animal. A sample of feces was collected from the
colon of each individual to screen for internal parasites. The McMasters flotation
technique was used to determine the presence of the egg stage of tapeworms (Moniezia
sp.), Nematodirus sp., Cocidia spp., and Strongyles (Strongylidea sp.) and abundance of
lungworms (Dictyocaulus sp.) (University of Maine Animal Health Laboratory, Orono,
Maine, USA). Calves were weighed using a net and crane scale system suspended from
the cargo hook of the capture helicopter.
1.2.4. Objective 2: Determine cause of mortality
For animals that died, we conducted field necropsies generally within 24 hours of
death to determine the cause of mortality. Deceased animals were grouped into two
separate age classes, calf and adult. Age classes were separated by birthday, with calves
collared in January of each year moving into the adult age class on 18 May (observed
mean calving date) of that same year. Calf mortality was thus measured in the winter of
their first year (01 Jan – 18 May) and adult mortality was measured annually (01 Jan – 31
Dec). Yearlings were classified as adults.
Necropsy protocols followed standard procedures and an approach used in New
Hampshire and Maine (Jones 2016). We began with an external exam that included
documenting the presence or absence of external lesions, color of all mucous membranes
(nostrils, conjunctiva, oral, and vaginal), hair loss, and number of winter ticks (following
the same protocol from capture). We then collected tissue samples from the auxiliary
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lymph node, diaphragm, heart, lung, liver, kidney, spleen, pancreas, rumen, abomasum,
spinal cord (dorsal, thoracic, lumbar), femur bone marrow, and brain. We also collected a
central incisor from individuals > 1 year of age for cementum annuli analysis to
determine exact age (Sergeant and Pimlott 1959). Tissue samples were fixed in 10%
buffered formalin (10:1 formalin to tissue ratio) for pathological analysis at the New
Hampshire Veterinary Diagnostic Laboratory (NHVDL, Durham, New Hampshire,
USA).
We determined the primary cause of mortality for each animal that died based on
field observation and pathological results. Pathologists often assigned multiple variables
to the final cause of death. Because of this, cause of death was grouped into the three
most common mortality types: winter tick, meningeal worm, and other. Many animals fit
into multiple categories (e.g., tick induced mortality with meningeal worm lesions
present) and thus had more than one cause of death. Tick-induced mortality was
diagnosed by field observations such as high tick counts, severe weight loss, hair loss,
and emaciation. Histopathologic findings of serious atrophy of fat consistent with
emaciation confirmed the contribution to the diagnosis (Musante et al. 2007, NHVDL
2017). Mortality due to meningeal worm was diagnosed in the lab by observing the
parasite or cellular evidence of infection within the brain or spinal cord tissue (NHVDL
2017). Presence of adult nematodes (lungworm) during gross or histopathologic
examination of lung tissue were recorded, as well as associated inflammation consistent
with parasitic pneumonia when it occurred.
The ‘other’ mortality class included uncommon forms of mortality such as motor
vehicle collisions, natural mortality, and unknown. Road kill moose were identified by
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firsthand accounts (driver, observer, or police records), deceased moose on the side of the
road that displayed physical trauma, and/or presence of an accident scene (i.e., blood and
broken pieces of vehicle) (Del Frate and Spraker 1991). Natural mortality included, but
was not limited to deep snow, fighting or sparring, drowning, predation, broken limbs,
entanglements, legal hunter harvest, and rare or uncommon pathological diseases
(Franzmann and Schwartz 2007). Mortalities classified as unknown were often a product
of compromised tissue samples. This occurred when scavengers found a carcass before
we performed the necropsy, or a mortality beacon did not alert investigators at the time of
death, extending the postmortem interval and allowing natural decomposition to begin
before an individual could be sampled.
1.2.5. Objective 3: Estimate survival probability for each age class and the influence
of temporal and individual factors on survival
We estimated weekly survival rates of calves and monthly survival rates of adults
using a known fates modeling approach (Kaplan and Meier 1958, Pollock et al. 1989),
following methods similar to those applied to moose in Musante et al. (2010) and Jones
(2016). The known fates analysis allowed for staggered entry of individuals into the
analysis as subsequent captures occurred or the censoring of individuals due to collar
malfunctions and missing animals (Pollock et al. 1989). Assumptions of this model
include: 1) radio-collared individuals are representative of the population, 2) survival
rates among individuals are independent, 3) correct fates are known, 4) fate is
independent of censoring, and 5) influence of radio-collars does not impact survival
(Pollock et al. 1989).

11

We estimated weekly survival for calves and monthly survival for adults.
Encounter histories were created from radio-collar signals to estimate survival rates. For
example, a weekly history of 1111110 in a given year indicated that a calf was alive (1)
during the first week of capture, transmitted a signal for 5 additional weeks, and then died
or experienced collar failure (0). Histories were converted to “live-dead” format for the
known fates analysis (White and Burnham 1999).
We evaluated the influence of temporal and individual covariates on moose
survival (Table 1-1). Temporal covariates affected the moose population as a whole
through time, and included measures of weather severity. Maximum summer
temperature and snow depth were compiled at weekly and monthly time periods from the
National Oceanic Atmospheric Administration (NOAA; NCDC 2019). Number of days
resting snow was > 70 cm was also examined as this depth impedes moose movement
(Franzmann and Schwartz 2007). Data for each measurement were compiled and
averaged from 6 weather stations across the study area (Figure 1-1; NCDC 2019).
Impact of the winter tick life cycle on moose was also quantified as a temporal
variable. Drew and Samuel (1989) intentionally infected moose with winter ticks to
document the proportion of adult males, non-engorged females, and engorged females on
a moose in any given week (Figure 1-2). Compared to adult females, the nymph stage
and adult males consume a negligible blood meal and thus were not considered (Musante
et al. 2007). An adult female winter tick consumes 1.70–2.55 g (Addison et al. 1998) of
blood during its last life stage, and becomes engorged. This feeding varies over time and
concentrates during an 8-week period from early March until all females (engorged or
not) have disengaged from the animal (Drew and Samuel 1989, Musante et al. 2007).
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Therefore, the percent of the total tick load comprised by engorged adult females through
time, as measured by Drew and Samuel 1989, was used to quantify the temporal impact
of ticks on moose (Drew and Samuel 1989, Addison et al. 1998, Musante et al. 2007).
Furthermore, because concentrated feeding of a large blood meal by adult female winter
ticks cumulatively worsen their impact, the cumulative effect of the female winter tick
life stage was quantified over time by adding the previous period’s impact to each
respective temporal period.
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Table 1-1. Covariates used to explain survival probability in moose (Alces alces) in northeastern Vermont, USA,
from a sample (n = 127) of radio-collared animals monitored from 2017 to 2019. Covariates included
those that were specific to conditions experienced by individuals and those that varied temporally.
Predicted
effect on Data Source
survival

Type

Covariate Name

Description

Measure

Temporal

Snow depth

Average resting snow depth per specified time period (week, month, season, year)

Depth in cm

-

NCDC

Maximim temperature

Average maximum temperature per specified time period (week, month, season, year)

Degrees celcius

-

NCDC

Number of days >70 cm

Number of days resting snow was greater than 90 cm per specified time period (week, month, season, year)

Depth in cm

-

NLCD1

Engorgment Period

% of ticks on a moose in female engorged adult stage throughout time

%

-

Cumulative Engorgement Period

Compounding effect of engorgement period. Adds the % of of engorged females on an animal to the week prior
through time.

%

-

Week

Week of the year

#

-

Field Data

Jones (2016)

Month

Month of the year

#

-

Field Data

Jones (2016)

Age

Age class of individual: calf (<1), and adult (>1).

#

+

Field Data

Sex

Sex of individual.

Female, male

+

Field Data

Year captured

Year animal was captured

#

+

Field Data

Jones (2016)

Tick count at capture

Number of ticks per tick count at capture (4 x 10 cm transects on rump and shoulder).

#

-

Field Data

Jones et. al (2018)

Weight of calf at capture

Weight of individual calves at capture.

kg

+

Field Data

Jones et. al (2018)
Franzmann and
Schwartz (2007)
Franzmann and
Schwartz (2007)
Franzmann and
Schwartz (2007)
Franzmann and
Schwartz (2007)
Franzmann and
Schwartz (2007)

McMasters flotation technique used for fecal parasitology. Covariate represents exact number of lungworm
(Dictyocaulus spp. ) eggs found per 5 grams of dried weight feces.
McMasters flotation technique used for fecal parasitology. Covariate represents presence or absence of
tapeworm (Moniezia spp. ) eggs in fecal float
McMasters flotation technique used for fecal parasitology. Covariate represents presence or absence of
roundworm (Nematodirus spp. ) eggs in fecal float

Lungworm
Tapeworm
Roundworm
Rasters

#

-

Field Data

Areas where >75% of tree species greater than 5 meters maintain their leaves year round

%

+

NLCD

Mixed

Areas where neither deciduous nor evergreen species are >75% of total tree cover

%

+

NLCD

Developed - all

All developed layers combine. Includes open, low, medium, and high development. Encompases all paved roads
%
and buildings

-

NLCD

Mean probability of deer occurrence within an individuals home roange

#

-

Snowmobile trails

% of an individuals home range occupied by snowmobile trails

%

-

1

2019 National Land Cover Data. 2 Vermont Center for Geographic Informati
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McCann et al.
(2013)
Franzmann and
Schwartz (2007)

Drew and
Musante (2007)
Samuel(1989)
Drew and
Musante (2007)
Samuel(1989)

Evergreen

Deer probability of occurance

Ball (2017)

Franzmann and
Schwartz (2007)
Franzmann and
Schwartz (2007)

Alexander (1993)

PearmanLankester (2010)
Gillman et. al
Colescott and
2
VCGI
Gillingham 1998

14

Individual

Reference

Figure 1-2. Percentage of winter tick (Dermacentor albipictus) in varying life stages by
week (24 Oct to 15 May) as counted on intentionally infected moose (Drew and Samuel
1989). In any given week, the total number of ticks per moose is decomposed into male,
non-engorged females, and engorged females.
Individual covariates that may affect an animal’s probability of survival included
sex, year of capture, tick count at capture, weight at capture, and home range
characteristics. Home range land cover class covariates included percentage of
evergreen, mixed, and development (primarily roads) within home range boundaries
(Table 1-1). We estimated individual home ranges from radio-collar locations as 95%
fixed kernels (Worton 1989) with the R package adehabitatHR (Calenge 2011). For each
home range, we compiled spatial information from the 2016 National Land Cover
Dataset (NLCD; NLCD 2019) by clipping the nationwide base map to the extent of our
study area and extracting all relevant rasters (Table 1-1). Extracted rasters contained a
binary representation of a single land cover class at the 30 x 30 m scale to be used in
home range statistics. We also estimated the proportion of each home range consisting of
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snowmobile trails (Colescott and Gillingham 1998) and the potential overlap with deer as
the average deer probability of occurrence as estimated by Pearman-Gillman et al.
(2020).
We developed an a priori set of candidate models that explored a variety of
hypotheses related to the effects of temporal and individual covariates on survival (Table
1-2). Candidate models were split into two distinct model sets: calf age class and adult
age class (Musante et al. 2010, Jones 2016). For each age class, we first evaluated
univariate models as a preliminary analysis. We then developed a final model set for
each age class, which included any variables from the preliminary analysis that
significantly affected survival (i.e., coefficients with 95% confidence intervals that did
not cross zero) and whose effects were ecologically meaningful (i.e., coefficients in the
hypothesized direction for moose survival). Univariate and additive models were
included in the final model set for each age class.
Calves. We estimated weekly calf survivorship from the time of capture (early
Jan) until 18 May. We considered multiple univariate hypotheses for survival, including
the null model where survivorship was constant for all calves, a sex model in which
survivorship was estimated separately for male and female calves, and a year model in
which survivorship was estimated uniquely for each year of the study (Table 1-2).
Several univariate hypotheses were assessed based on information at capture, including
the weight of an individual calf and relative tick load based on tick counts. Univariate
hypotheses related to internal parasite load (Table 1-2) were derived from results of fecal
floatation counts of samples taken at capture and included quantitative measurements of
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the presence of ova of lungworms, tapeworms and roundworms (Franzmann and
Schwartz 2007, Musante et al. 2007).
Table 1-2. Age-specific models used to describe weekly moose (Alces alces) survival
probability of calves (< 1 yo) and monthly survival probability of adults (≥ 1 yo) from
2017 to 2019 for radio-collared moose (Alces alces) in northeastern Vermont, USA. For
each age class, univariate models were interpreted first to create a final model set. ✝
indicates model hypothesis originally described in methods. * indicates a model in the
final model set.
Model Age Class Hypothesis

Model Structure

Variables

1

Both

*Null

S(~1)

Intercept

2

Calf

*Sex

S(~Sex)

Sex

3

Both

Year

S(~Year)

Year captured

4

Calf

Weight

S(~Weight)

Weight of calf at capture

5

Both

Tick count at capture

S(~Tick)

Individual tick counts from capture

6

Both

*Lungworm in fecal

S(~Lungworm)

Lungworm eggs in fecal matter

7

Both

Tapeworm in fecal

S(~Tapeworm)

Tapeworm presence in fecal matter

8

Both

*Roundworm in fecal

S(~Roundworm)

Roundworm presence in fecal matter

9

Both

S(~Evergreen)

% home range comprised of evergreen

10

Both

✝Evergreen winter cover (winter home
range)
✝Mixed winter cover (winter home range)

S(~Mixed)

% home range comprised of mixed

11

Both

S(~Developed)

12

Both

✝Developed within home range
(anthropogenic threats)
✝Snowmobile Trails

S(~Snowmobile)

% home range developed. Includes developed land
and paved roadways
% home range occupied by snowmobile trails

13

Both

✝Meningeal worm potential

S(~Deer)

Probability of occurance with white-tailed eer

14

Both

✝Winter snow depth

S(~SnowDepth)

15

Both

✝Days over 70cm

S(~Over70cm)

16

Both

S(~EngorgementPeriod)

17

Both

*✝Female winter tick engorgement period
(engorged female)
*✝Cumulative engorgement

S(~CumulativeEng)

Average weekly or monthly snow depth throughout
winter
Average days/week or month snow depths were
over 70cm
weekly % of tick load comprised of adult females
throughout feeding cycle
Compounding effect of engorgement period.

18

Calf

*✝Week through winter

S(~Week)

Week of winter Jan 1 - May 18

19

Adult

Month throughout the year

S(~Month)

Month of the year (1-12)

20

Adult

✝Heat stress

S(~Heat)

Average monthly max temperature

21

Both

*Tick load effect on engorgement

S(~Tick:EngorgementPeriod)

22

Calf

23

Calf

24

Calf

25

Calf

26

Calf

27

Calf

28

Calf

Weighted effect of % adult winter ticks on the
number of ticks at capture
*Tick load effect on cumulative engorgement S(~Tick:CumulativeEng
Weighted effect of cumulative % adult winter ticks
on the number of ticks at capture
*Impact of winter tick and individual sex
S(~EngorgementPeriod + Sex)
Female winter tick engorgement period + individual
sex
*Impact of winter tick and internal parasites S(~EngorgementPeriod + Roundworm + Lungworm)
Female winter tick engorgement period + Internal
parasites
*Impact of winter tick, internal parasites,
S(~EngorgementPeriod + Roundworm + Sex + Lungworm)Female winter tick engorgement period + internal
and sex
parasites + individual sex
*Impact of cumulative winter tick effect and S(~CumulativeEng + Sex)
Cumulative female winter tick engorgement period +
individual sex
individual sex
*Impact of cumulative winter tick effect and S(~CumulativeEng + Roundworm + Lungworm)
Cumulative female winter tick engorgement period +
internal parasites
Internal parasites
*Impact of cumulative winter tick effect,
S(~CumulativeEng + Roundworm + Sex + Lungworm)
Cumulative female winter tick engorgement period +
internal parasites, and sex
internal parasites + individual sex
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Other hypotheses related to the home range characteristics of each calf (01 Jan –
18 May). The “winter home range” hypotheses (Table 1-2) considered the amount of
mixed and evergreen forest within the individual’s home range; these habitats provide
important cover and forage for calves during winter months (Rempel et al. 1997). The
“anthropogenic threats” hypotheses (Table 1-2) evaluated the proportion of an
individual’s home range comprised of developed areas (including all paved roads) and
snowmobile trails (Colescott and Gillingham 1998, DeGraaf and Yamasaki 2001,
Franzmann and Schwartz 2007). The “meningeal worm potential” hypothesis estimated
the risk of infection and disease of meningeal worm transmitted from deer within each
individual’s home range.
The remaining univariate hypotheses considered temporal variables that affected
the calf population as a whole (Table 1-2). Two hypotheses related to snow conditions
were evaluated including average weekly snow depths and number of day’s snow was
>70 cm throughout the winter (McRoberts et al. 1995, Franzmann and Schwartz 2007,
NCDC 2019). The “engorgement period” hypothesis used data from Drew and Samuel
1989 (Figure 1-2) to model weekly survival rate as the expected percentage of an
individual’s winter tick load that was comprised of engorged females (Drew and Samuel
1989, Musante et al. 2007). The “cumulative engorgement period” hypothesis added
prior weeks’ percent engorged female winter ticks to the current week’s value (Samuel
2004) to evaluate the effect of previous and current feeding on moose by adult female
ticks. We further evaluated if these engorgement effects were magnified by the
individual covariate, ticks at capture. Lastly the “week” hypothesis considered the week
number of the winter as a linear relationship (Jones 2016), with January 1 being week 1.
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Adults. We estimated monthly adult survival probability from the time they enter
adulthood (age ≥ 1) until death. All capture, home range, and temporal covariates used
for the univariate calf models were also applied to adults with the exception that the
temporal interval was 1 month in duration. Additionally, the effect of temperature was
measured using the average maximum monthly temperature, as temperatures above 14-20
o

C are known to have negative effects on moose (Renecker and Hudson 1986, 1990,

McCann et al. 2013).
Each model was assessed using the known fates modeling approach with the R
package Rmark (Laake et al. 2013). For each age class, we used model selection
techniques to evaluate the relative support of each model and determine the best model in
the set. Models were ranked using Akaike’s Information Criterion adjusted for small
sample size (AICc), and models with ΔAIC < 2 were considered to have strong empirical
support (Burnham and Anderson 2002). All analyses was performed in R (R Core Team
2017).
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1.3. Results
We captured 37 adults and 90 calves (8 months old at time of capture) (Table 13). The sex ratio of calves was equal (50%) in 2017 and 2019, but strongly skewed
towards males in 2018 (70% male; Table 1-3).
Table 1-3. Summary of moose (Alces alces) captured in northeastern Vermont, USA
during January of 2017, 2018, and 2019. Females were captured exclusively for the adult
age class (≥ 1 yo), while calves (< 1 yo) were captured indiscriminate of sex.

Year
2017
2018
2019
Total

Adult
31
6
0
37

Calf
Female
14
9
15
38

Male
16
21
15
52

Total
61
36
30
127

1.3.1. Objective 1: Health assessment at capture
Calf weight
Of the total calves captured, 84 (93%) were weighed. Some calves were not
weighed due to environmental conditions that prevented the helicopter from safely
hovering directly over the animal. Body weights ranged from 109 to 231 kg; median
weight of all calves was 172.8 kg (Figure 1-3a). Weight did not vary significantly
between sexes (Welch two sample t statistic = -0.62; df = 63; p = 0.5405). Males (n = 52)
ranged from 127 to 209 kg, with a median weight of 173.3 kg. Females (n = 38) ranged
from 109 to 231 kg, with a median weight of 172.4 kg (Figure 1-3a).
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Figure 1-3. Box plots of the health summary of moose (Alces alces) monitored in
northeastern Vermont, USA in January 2017, 2018, and 2019 in northeastern Vermont,
USA. Left panel (a) represents the average weight of calves by sex at capture (median
weight of male and female calves was 173.3 kg and 172.4 kg, respectfully). Right panel
(b) represents the distribution of average winter tick (Dermacentor albipictus) count at
capture (number of ticks counted per cumulative 80 cm of transects) by age class (median
tick count by age class was 19.0 ticks per adult and 28.5 ticks per calf). Adult age class (≥
1 yo) represented solely by females. Calf age class (< 1 yo) was captured unbiased of sex.

Capture ticks
Tick count indices on all moose captured ranged from 0 to 100, with a median
index of 25 ticks (Figure 1-3b). Tick indices on adult moose ranged from 4 to 98 ticks,
with a median index of 19.0. Calves had higher tick counts than adults (Welch two
sample t statistic = -2.67, df = 68, p = 0.0093), ranging from 0 to 100, with a median
index of 28.5 (Figure 1-3b). Within the calf age class, average ticks per animal did not
vary by sex (Welch two sample t statistic = 0.077; df = 82; p = 0.9389).
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Internal parasites
One or more of the five parasites measured were present in 68% (86 of 126) of all
moose captured. Coccidia and Strongyles showed little to no presence in either age class
(adult or calf) over the three-year period (Table 1-4). Tapeworm (Moniezia sp.) appeared
only in calves and was identified as present in 29% (26 of 90) of calves. Parasitic
roundworm (Nematodirus sp.) was identified in low concentrations of both age classes
across all capture years. Lungworm (Dictyacolis sp.) was the most prevalent parasite and
detected in 22% of adults and 70% of calves (Table 1-4).
Table 1-4. Percent of moose (Alces alces) monitored in northeastern Vermont, USA with
tapeworm, lungworm, Nematodirus, Coccidia, and Strongyles by age class and year. A
modified McMaster Flotation technique was used on feces collected at time of capture to
identify the presence of each parasite. All captures occurred in January of 2017, 2018,
and 2019.

Age

Adult

Calf

Total

Year

2017
2018
2019
2017
2018
2019
Adult
Calf
Both

Tapeworm
(Moniezia sp. )

%
0%
0%
0%
23%
50%
13%
0%
29%
21%

n
0
0
0
7
15
4
0
26
26

Lungworm
(Dictyocaulus
sp. )

%
23%
17%
0%
73%
73%
63%
22%
70%
56%

n
7
1
0
22
22
19
8
63
71

Parasitic
roundworm
(Nematodirus sp .)

%
10%
17%
0%
27%
40%
27%
11%
31%
25%

n
3
1
0
8
12
8
4
28
32

Coccidia sp.

Strongyles
(Strongylidea
sp. )

%
0%
0%
0%
0%
0%
0%
0%
0%
0%

%
7%
0%
0%
0%
0%
0%
6%
0%
2%

n
0
0
0
0
0
0
0
0
0

n
2
0
0
0
0
0
2
0
2

1.3.2. Objective 2: Determine cause of mortality
Observed annual winter calf survival was 60% (18 of 30) in 2017, 50% (15 of 30)
in 2018, and 37% (11 of 30) in 2019. Overall observed calf survival across all three years
was 49% (44 of 90); 8 calves and 7 adults dropped their collars and were censored in
subsequent years (Table 1-5). This occurred when a radio-collar expanded earlier than
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expected, allowing the collar to slip over their head. Observed annual adult survival was
90% (27 of 30) in 2017, 86% (44 of 51) in 2018, and 88% (44 of 50) in 2019 (Table 1-5).
Overall adult survival over the three-year period was 78% (57 of 73).
Table 1-5. Observed moose (Alces alces) survivorship and cause of mortality by year and
age class of radio-collared moose in northeastern Vermont, USA. Histopathology
assigned more than one primary cause of mortality in some cases; therefore an animal
may be represented more than once in the cause of death column (e.g., a calf moose could
succumb to winter ticks, but also have lesions associated with meningeal worm present at
time of death). Dropped collars were not removed from the total number of individuals
when calculating observed survivorship as collars were dropped after the respective
survivorship monitoring period.

Year

2017
2018
2019
Total

Age
Adult
Calf
Adult
Calf
Adult
Calf
Adult
Calf
All

Number
31
30
51
30
50
30
73
90
127

Dropped
Collar (#)
1
0
3
6
3
2
7
8
15

Deaths
(#)
3
12
7
15
6
19
16
46
62

Observed
Survivorship
(%)
90%
60%
86%
50%
88%
37%
78%
49%
51%
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Cause of Death
Winter Meningeal
Lungworm
Other
Tick
Worm
Present
n
%
n
% n
%
n
%
2
1
0
1
10
4
0
9
0
1
6
1
13
6
4
9
2
3
3
3
19
5
2
16
4 25% 5 31% 9 56% 5 31%
42 91% 15 33% 6 13% 34 74%
46 74% 20 32% 15 24% 39 63%

Figure 1-4. Total number of mortalities by month (2017, 2018, 2019) in adult (≥ 1 yo)
and calf (< 1 yo) radio-collared moose (Alces alces) in northeastern Vermont, USA.
January is represented by month 01, and December is represented by month 12.

Mortalities were concentrated in the early spring each year of the study (Figure 14). The average mortality date for calves was 18 April and 09 May for adults (Figure 14). Cause of death was assigned based on histopathology (interpreted by a wildlife
veterinarian) and field observation (Table 1-5). Over the three-year study, winter ticks
were associated with 74% of all mortalities (91% of calves and 25% of adults). Lesions
associated with meningeal worm were found in 33% of calves, 31% of adults, and 32%
of all mortalities. Lastly, causes of death described by the ‘other’ category comprised
24% of all mortalities and included lungworm infection (n = 3), septicemia (n = 3),
unknown (n = 3), vehicular mortality (n = 1), legal hunter harvest (n = 1), linear necrosis
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(n = 1), deep snow (n = 1), and a rare protozoal parasitic encephalomyelitis (n = 1).
While only directly responsible for 3 mortalities, histopathologic evidence of lungworm
was noted in 63% of all mortalities. Lungworm presence was skewed towards calves:
74% of calves and 31% of adults had lungworm.
1.3.3. Objective 3: Estimate survival probability for each age class and the influence
of temporal and individual factors on survival
Calves – We evaluated 19 univariate known-fates models to estimate weekly calf survival
(Table 1-2). The top ranked model, EngorgementPeriod, carried virtually all of the
support of the univariate model set (Table 1-6). This model described the percentage of
adult female winter ticks on a moose host that are fully engorged by week, and had a
negative, non-linear effect on survival (Figure 1-5). With zero percent of the tick load in
the engorged female life stage, weekly calf survival rate predicted from the model
remained above 0.98. Weekly survival remained > 0.90 until 25% of an animal’s tick
load was in the engorged female stage. With 35% engorgement levels, survival decreased
rapidly, falling to 0.75 (Figure 1-5).
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Figure 1-5. Weekly moose (Alces alces) calf (< 1 yo) survival (± 95% Confidence
Intervals) as a function of the percentage of female winter tick (Dermacentor albipictus)
load in the engorgement life stage.

26

Table 1-6. Univariate known fates model selection results for weekly calf (< 1 yo)
survival (mid-January to 18 May) for radio-collared moose (Alces alces) in northeastern
Vermont, USA. Covariates consisted of individual, home range, and temporal variables.
* indicates a model with low variability among individuals and highly uncertain
parameter estimates.
Model

AICc

DeltaAICc Weight Parameter

S(~EngorgmentPeriod)

348.450

0.000

0.996

S(~CumulativeEng)

360.454

12.004

0.002

S(~Week)

363.395

14.945

0.001

S(~SnowDepth)

363.659

15.209

0.000

S(~Tick:EngorgementPeriod) 374.166

25.716

0.000

S(~Tick:CumulativeEng)

377.605

29.155

0.000

S(~Over70cm)

397.924

49.474

0.000

S(~Roundworm)

399.227

50.777

0.000

S(~Developed)*

399.885

51.435

0.000

S(~Sex)

400.739

52.289

0.000

S(~Lungworm)

402.301

53.851

0.000

S(~1)
S(~Year)

403.508
403.653

55.058
55.203

0.000
0.000

S(~Weight)

403.816

55.366

0.000

S(~Tick)

404.939

56.489

0.000

S(~Tapeworm)

405.344

56.894

0.000

S(~Evergreen)

405.362

56.912

0.000

S(~DeerProb)

405.484

57.034

0.000

S(~Snowmobile)

405.490

57.040

0.000
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Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate

Beta
Standard Lower Upper
Estimate
Error
95 CI
95 CI
5.046
0.348
4.364
5.728
-0.114
0.016
-0.146 -0.082
4.630
0.302
4.038
5.222
-0.015
0.002
-0.020 -0.011
5.988
0.532
4.944
7.031
-0.203
0.035
-0.271 -0.136
2.332
0.196
1.947
2.717
0.006
0.001
0.004
0.008
4.121
0.219
3.692
4.550
-0.002
0.000
-0.002 -0.001
4.008
0.207
3.602
4.414
0.000
0.000
0.000
0.000
3.208
0.166
2.883
3.532
0.523
0.225
0.083
0.964
3.722
0.202
3.326
4.119
-0.786
0.306
-1.386 -0.186
2.858
0.272
2.326
3.391
42.507
18.210
6.815 78.198
3.889
0.280
3.340
4.438
-0.700
0.333
-1.353 -0.047
3.580
0.173
3.241
3.919
-0.011
0.005
-0.021 0.000
3.445
0.151
3.149
3.742
3.716
0.263
3.201
4.231
-0.253
0.186
-0.618 0.113
1.820
1.236
-0.602 4.243
0.004
0.003
-0.002 0.011
3.645
0.305
3.046
4.243
-0.007
0.009
-0.023 0.010
3.406
0.177
3.059
3.753
0.140
0.342
-0.531 0.810
3.555
0.322
2.924
4.186
-0.911
2.324
-5.466 3.644
5.150
9.859
-14.173 24.474
-1.911
11.048 -23.566 19.744
3.404
0.303
2.810
3.999
3.018
19.509 -35.220 41.255

Of the 19 univariate models evaluated for weekly calf survival rate, only those
whose effect was significant, ecologically accurate, and not highly correlated with other
variables (correlation < 50%) were considered for use in the final model set. Variables
with coefficients that were significantly different than 0 included EngorgementPeriod,
CumulativeEng, Week, SnowDepth, Tick:EngorgementPeriod, Tick:CumulativeEng,
Over70cm, Roundworm, Sex, and Lungworm (Table 1-6). For multivariate models, we
ensured that all variables within a given model were uncorrelated. For example,
CumulativeEng and Week were the second and third top models respectfully, but were
both highly correlated with EngorgementPeriod, therefore only EngorgementPeriod was
considered for additive models (Table 1-6). SnowDepth and Over70cm showed positive
effects on calf survival, but we believed this to be ecologically inaccurate as moose are
winter-adapted species; most moose mortalities occurred as snowpack was declining
(Figure 1-4). Development (primarily roads) was removed from consideration as the
model produced unrealistic parameter estimates. Roundworm, Sex, and Lungworm
showed significant betas and ecologically accurate directionality. Therefore,
combinations of EngorgementPeriod, CumulativeEng, Roundworm, Sex, and Lungworm
were used to create the final known-fates model set for calves (Table 1-7).
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Table 1-7. Final known fates model selection results for weekly calf (< 1 yo) survival
(mid-Jan to 18 May) for radio-collared moose (Alces alces) in northeastern Vermont,
USA. The final model set included univariate and multivariate models.
Model
S(~EngorgementPeriod + Roundworm + Sex + Lungworm)
S(~EngorgementPeriod + Roundworm + Lungworm)
S(~EngorgementPeriod + Sex)
S(~EngorgementPeriod)
S(~CumulativeEng)
S(~Week)
S(~Tick:EngorgementPeriod)
S(~Tick:CumulativeEng)
S(~Roundworm)
S(~Sex)
S(~Lungworm)
S(~1)

Param
5
4
3
2
2
2
2
2
2
2
2
1

AICc DeltaAICc Weight
341.245 0.000
0.482
341.423 0.178
0.441
345.257 4.012
0.065
348.450 7.205
0.013
360.454 19.209 0.000
363.395 22.150 0.000
374.166 32.920 0.000
377.605 36.359 0.000
399.227 57.981 0.000
400.739 59.493 0.000
402.301 61.056 0.000
403.508 62.263 0.000

Of the 12 models in the final model set for calves, two top models carried > 90%
of the total model set weight and had strong empirical support (Table 1-7). The top model
considered the effects of EngorgementPeriod, Roundworm, Sex, and Lungworm (Figure
1-6). Generally speaking, survival decreased as the percent of tick load in the engorged
female life stage increased (Figure 1-6). Presence of roundworm (top panels; Figure 1-6)
contributed to overall decreased weekly survival. Male calf survival (right panels) was
lower than females (left panels; Figure 1-6). Lastly, weekly survival decreased rapidly as
lungworm loads at capture increased (symbols; Figure 1-6). The second top model
considered just EngorgementPeriod, Roundworm, and Lungworm, but the effects were
similar and consistent with the top model.
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Figure 1-6. Predicted weekly survival rates of calf (<1 yo) moose (Alces alces) based on
the female winter tick (Dermacentor albipictus) engorgement period (percent of an
individual’s tick load that is in the adult female lifestage), lungworm (Dictyocaulus spp.)
levels at capture, and presence (1) or absence (0) of roundworm (Nematodirus spp.) at
capture, and sex.
Adults –Among the univariate monthly adult survival models, the only covariates that
showed significance were related to ticks. These included Tick:CumulativeEng (impact
of all engorged female adult ticks that fed up until the point of measurement, weighted by
the number of ticks at capture), CumulativeEng (impact of all engorged female adult ticks
that fed up until the point of measurement), Tick (number of ticks counted at capture),
and Tick:EngorgementPeriod. Tick:EngorgementPeriod is a variable comprised by
multiplying Tick (the individual covariate tick counts at capture) by EngorgementPeriod
(a temporal covariate that gives the percent of annual tick load that consists of engorged
adult females) for each given time period (month). Tick:CumulativeEng follows this
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same approach but instead measures the cumulative impact of adult winter ticks up until
the point of measurement. Additive models were not considered for estimating monthly
adult survival as CumulativeEng, Tick:CumulativeEng, Tick and
Tick:EngorgementPeriod were the only models to show significance, and estimated
similar effects (Table 1-8).
Table 1-8. Univariate known fates model selection results for monthly adult (≥ 1 yo)
survival (01 Jan to 31 Dec) for radio-collared moose (Alces alces) in northeastern
Vermont, USA. Covariates consisted of individual, home range, and temporal variables.
* indicates a model that did not converge.
Model

AICc

DeltaAICc Weight Parameter

S(~Tick:CumulativeEng)

125.352

0.000

0.526

S(~CumulativeEng)

125.647

0.295

0.454

S(~Tick)

133.115

7.763

0.011

S(~Tick:EngorgementPeriod) 136.769

11.418

0.002

S(~EngorgementPeriod)

137.488

12.136

0.001

S(~YearCap)

137.568

12.216

0.001

S(~1)
S(~Evergreen)

138.105
138.763

12.754
13.411

0.001
0.001

S(~Developed)

139.578

14.226

0.000

S(~Month)

139.601

14.249

0.000

S(~Snowmobile)

139.652

14.301

0.000

S(~over70cm)

139.699

14.347

0.000

S(~Roundworm)

139.957

14.605

0.000

S(~Lungworm)

139.979

14.627

0.000

S(~Deer)

140.079

14.727

0.000

S(~Tapeworm)*

140.114

14.763

0.000
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Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate

Beta
Estimate
4.743
-0.002
5.292
-0.063
5.065
-0.037
4.438
-0.002
4.538
-0.056
4.450
-1.049
4.227
3.647
5.181
4.666
-33.997
3.897
0.060
3.926
28.720
4.155
0.082
4.270
-0.319
4.274
-0.096
7.379
-3.535
4.227
-0.1

Standard
Error
0.350
0.000
0.527
0.017
0.435
0.012
0.314
0.001
0.367
0.033
0.335
0.609
0.279
0.554
4.685
0.684
46.228
0.521
0.085
0.513
43.618
0.296
0.143
0.304
0.776
0.310
0.251
16.605
18.617
0.000
∞

Lower Upper 95
95 CI
CI
4.057
5.429
-0.002
-0.001
4.259
6.325
-0.097
-0.029
4.213
5.918
-0.060
-0.015
3.823
5.053
-0.003
0.000
3.819
5.256
-0.120
0.008
3.793
5.108
-2.243
0.144
3.680
4.775
2.562
4.733
-4.001
14.363
3.326
6.006
-124.605 56.610
2.875
4.919
-0.107
0.227
2.920
4.933
-56.771 114.211
3.575
4.735
-0.197
0.362
3.675
4.865
-1.840
1.201
3.666
4.882
-0.589
0.396
-25.166 39.924
-40.025 32.954
4.227
4.227
∞
∞

Figure 1-7. Monthly adult (≥ 1 yo) moose (Alces alces) survival rate for radio-collared
moose in northeastern Vermont, USA as a function of the cumulative impact of the
female winter tick (Dermacentor albipictus) engorgement period scaled to an individual’s
tick index at capture (number of ticks counted per cumulative 80 cm of transects) based
on the top ranking univariate survival model.

From the univariate model set Tick:CumulativeEng and CumulativeEng were the
two top models carrying 53% and 45% of the total model set weight, respectfully (Table
1- 8). Both of these models showed negative effects on monthly adult survival.
Tick:CumulativeEng was the top scoring model and represented the change in monthly
survival rate as a function of the cumulative percentage of females ticks that have taken a
blood meal, weighted by the individual’s tick count at capture. The greater number of
ticks an individual had at capture, the greater the effect of cumulative engorgement
period on survival (Figure 1-7). CumulativeEng was the second top univariate model and
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showed decreasing monthly survivorship with increased cumulative winter tick feeding.
Survivorship remained above 0.96 until the effect of cumulative winter tick feeding
reached 30 (i.e., 30% of entire tick load has been in the engorged adult age class up to
this point), at which time survivorship began to decrease rapidly, falling below 0.9 once
cumulative feeding reached 50 (Figure 1-8).

Figure 1-8. Monthly adult (≥ 1 yo ) moose (Alces alces) survival rate for radio-collared
moose in northeastern Vermont, USA (± 95% Confidence Intervals) as a function of the
cumulative impact of the female winter tick (Dermacentor albipictus) engorgement
period through time based on the second ranking univariate survival model.
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1.4. Discussion
The high mortality rates observed in our study were similar to rates observed in
other New England states such as New Hampshire and Maine, where decreased
survivorship was caused by winter tick infestations (Jones et al. 2019). However, ours is
the first study to directly link a measure of the female winter tick engorgement stage with
survival of marked individuals in a wild population. Additionally, internal parasites
occurred more frequently in our study than in other New England studies (Jones et al.
2019), which compounded the effects of winter ticks on probability of survival,
especially in calves. We report on calf and adult age classes separately due to the large
differences in recorded mortality and cause of death.
Calves
Calf survival was low for a population that experiences little to no predation. Our
results indicate that calf survival was largely associated with increased parasitism,
namely substantial atrophy of fat caused by ectoparasitism of winter ticks along with the
presence of internal parasites and sex. For comparison, our calf model predicted that
survival estimates of female calves that experience no parasitism remained above 93%
from 01 Jan to 18 May (first birthday), while survival estimates of male calves that
experienced winter tick infestations, presence of roundworm, and moderate lungworm
infections during that same period were below 24% (Figure 1-6). Peak mortality dates
and overall mortality trends over the three-year period of our study closely followed
winter tick feeding patterns (Drew and Samuel 1989, Samuel 2004). Further, gross field
necropsy and histopathologic observations associated 91% of all calf mortalities with
high winter tick infestations.
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Calf mortality has also been driven by winter tick infestations in nearby states.
For example, ticks accounted for 91% of mortalities in New Hampshire and 85% of
mortalities in Maine in comparable radio-telemetry studies between 2014 and 2016. The
observed survival rate (49%) of calves from January to May across our Vermont study
was higher than rates reported in those studies: New Hampshire = 39% and Maine = 38%
(Figure 1-9; Jones 2019). The differences may be explained by three consecutive years
of tick epizootics experienced in the region during the New Hampshire and Maine study
in which > 50% of the population died (Jones 2019). During our study, moose
experienced epizootics in 2018 and 2019, but not 2017 when survival was 60%.

Figure 1-9. Observed annual survival of radio-marked adult (≥ 1 yo) and calf (< 1 yo)
moose (Alces alces) during 6 years (2014 to 2019) of moose research in Vermont, New
Hampshire, and Maine, USA. New Hampshire and Maine survival rates obtained from
Ellingwood 2018, Jones 2019, and Powers 2019.
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Vermont calves observed over twice the incidence of lungworm (Dictyocaulus)
ova in feces collected at capture than in New Hampshire and Maine (70%, 32%, and 28%
respectively) (Jones et al. 2019). Lungworm is a parasitic nematode that infects the
respiratory tract of both domestic and wild ruminants, including cervids (Gibbons and
Khalil 1988). Historically considered an incidental parasite in moose (Franzmann and
Schwartz 2007), recent increases in occurrence of > 50% in calves in New England states
suggests that coinfection by this nematode could exacerbate the effects of other parasitic
diseases (e.g., winter tick and meningeal worm). A 70% observed occurrence of
lungworm eggs in January feces of calves in Vermont is one of the highest known rates
of winter infection recorded and could logically be expected to reduce calf health and
compound the effects of other parasites and negative environmental conditions together
or separately (Marcogliese and Pietrock 2011).
Occurrence and abundance of tapeworm (Moniezia), roundworm (Nematodirus),
and Coccidia parasites by comparison were relatively similar to data from the New
Hampshire and Maine studies (Jones et al. 2019). These parasites are common in wild
cervid populations and considered incidental (non-pathologic in the case of Monezia) in
moose (Franzmann and Schwartz 2007). While roundworm infection was present in our
top model, there was no recorded cause of death for roundworm.
Although moose home ranges overlapped with areas of high deer occurrence, the
deer model had little empirical support. However, we believe there may an association
with deer on the landscape as a third of calf mortalities showed clinical signs of
meningeal worm, which rely on deer for their lifecycle (Lankester 2010). In aberrant
hosts, clinical signs usually manifest themselves in 30-60 days, but can vary depending
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on infection level (Gandolf and Beest 2013). All calves exposed to meningeal worm must
contract it within the first summer/fall of their life, suggesting that the occurrence of this
parasite was relatively high within our study area. Lack of support for the deer model
may reflect the limitations of our deer covariate, which was based on occupancy
probability during the breeding season (Pearman-Gillman et al. 2020) and not patterns of
density that probably better defines meningeal worm distribution.
Signs of winter tick related mortality (serious atrophy of fat and emaciation)
closely resemble those associated with limited forage and poor habitat quality. However,
we found no evidence that calf survival rate was linked to habitat quality. All calves at
necropsy died with a full rumen of high quality winter forage and surrounded by ideal
winter habitat, reflecting the large percentage of optimal habitat (5-35%) available to
moose throughout our study area and the New England region (Dunfey-Ball 2017). A
mosaic of large scale timber operations and state/federally managed lands creates a
variety of ideal moose habitat for all seasonal requirements within the study area in
Vermont (C. Alexander, personal communication 2018, Dunfey-Ball 2017).
Adults
Observed adult monthly survival over the three year period (78%) was similar to
other declining populations, including those in New Hampshire (83%; Jones et al. 2019)
and Minnesota (79%; Murray et al. 2006, Lenarz et al. 2010), but lower than rates in
stable or increasing populations such as in Ontario, Canada (90%; Murray et al. 2012).
Under ideal conditions (i.e., no parasitism), our estimated survival rates were > 0.90,
consistent with that of a stable or increasing population. However, when confronted with
moderate winter tick infestations, annual adult survival estimates drop to 0.68. Winter
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ticks are often not associated with adult mortality as it is assumed adults have larger body
mass and fat stores to compensate for increased blood loss and decreased nutritional
status (Samuel 2004, Jones 2016). However, at the beginning of our study, winter ticks
were responsible for a larger subset of adult mortality than expected (Table 1-5). It is
possible that Vermont moose experienced epizootic years that were reported in the
neighboring state of New Hampshire before our study began (Jones 2016). If so, adult
moose have been subject to high winter tick infestations 5 out of the last 6 years (20142019). Multiple years of heavy parasitism may have weakened the overall health of adults
in the Vermont population and made them more susceptible to anemia, atrophy, and the
effects of parasitism as observed in other parasite-host systems such as lungworm
(Umingmakstrongylus pallikuukensis) in muskox (Ovibos moschatus; Kutz et al. 2001,
Marcogliese and Pietrock 2011).
Meningeal worm comprised < 10% of overall mortality in populations in New
Hampshire, Minnesota, and Michigan (Dodge et al. 2004, Murray et al. 2006, Jones
2016), yet was associated with 31% of adult moose mortality in Vermont. Moose
population decline associated with meningeal worm has occurred when white-tailed deer
densities exceed 5/km2 on the landscape (Whitlaw and Lankester 1994). Deer densities
were relatively low throughout the study area, estimated at 1.93-3.86 per km2 (Fortin
2019). Localized deer densities can increase during periods of deep snow when they
congregate in winter ‘yards’, or stands of high cover trees like balsam fir (Abies
balsamea) and northern white cedar (Thuja occidentalis) that provide thermal cover and
shelter from wind during the winter (Ozoga and Gysel 1972). Lankester and Peterson
(1996) found that the concentration of gastropods infected with meningeal worm larvae
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in known deer wintering areas was four times higher than throughout their summer range
in Minnesota. Several major deer yards exist within the study area and, if the Minnesota
findings apply to Vermont, may increase the infection rate of Vermont moose. Like with
calves, our top model for adults did not include deer, which may reflect limitations of the
covariate measure.
Internal parasites, snow conditions, and habitat were not significant predictors of
adult survival rate (as with calves). The immune system of an adult moose is known to
be more robust and effective at minimizing the effects of parasite loads after their first
year, which may explain the lack of support for the effect of internal parasites
(Franzmann and Schwartz 2007). Similarly, snow conditions in Vermont rarely exceed
90 cm, which is considered the height at which adult locomotion is restricted (Franzmann
and Schwartz 2007). Moreover, 5-35% of the study area is considered to be optimal
habitat (i.e., characterized by ample regeneration and softwood coverDunfey-Ball 2017).
Management implications
Decreased health and survivorship of moose, particularly the incoming calf age
class, is having population level effects throughout the New England region
(Timmermann and Rodgers 2017, Ellingwood et al. 2019, Jones et al. 2019). Calf
survival estimates from our study described the probability of surviving from January to
May, and did not include the neonatal age class (0-60 days; see Chapter 2). Moose
neonates often experience higher rates of mortality than other age classes (Larsen et al.
1989, Jones et al. 2017), and it is likely that survivorship of calves during the entirety of
their first year is much lower than that reported here.
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Since habitat quality does not appear to be limiting Vermont moose populations
and anthropogenic sources of mortality are insignificant, management attention may be
turned toward reducing parasite impacts. Tick parasitism on moose in the northeastern
US appears to be related to moose density, and management actions that reduce moose
density may lead to lower tick loads on individuals and reduced impacts at the population
level. Winter ticks are a host density-dependent parasite that thrive during times of
elevated host populations (Samuel 2004). Their epizootics are known to occur less
frequently when moose density is less than 0.3/km2 (Samuel 2007, Jones 2016).
Reducing moose density through harvest below this threshold for a period of time could
reduce the overall abundance of ticks on the landscape. While this approach seems
reasonable, higher levels of harvest may lead to other risks, such as Allee effects that
could result in further, unintended declines (Charlier et al. 2008). Another approach is
managing late winter habitat to spread out (or reduce) high localized moose densities,
which may decrease congregations of detached adult female winter ticks, and in turn
where larval ticks quest the following year (Healy et al. 2018), which could potentially
reduce individual tick loads.
White-tailed deer could also be managed at lower densities (through harvest) to
reduce the transmission of meningeal worm that may be exacerbating the effects of
winter ticks on survival (Samuel 2004). Land use changes and warming climate
conditions have benefited white-tailed deer and led to their range expansion northward
(Dawe and Boutin 2016). As conditions continue to warm in the New England region,
the relative occurrence of meningeal worm may continue to increase. Consequently,
increasing deer harvest in areas of high moose density may reduce the prevalence of this
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parasite. However, uncertainties exist in the response of deer to the combined effects of
climate, land use changes, and social values in New England (Pearman-Gillman et al.
2020), which presents potential risks for increased levels of harvest on deer populations.
Management objectives vary greatly between states, provinces, and even specific
management areas within a greater jurisdiction (Timmermann and Rodgers 2017). Moose
management in the face of a changing climate, human development, and increased
parasitism, especially at the southern periphery of their range, will not likely be a onesize-fits-all approach. Rather, managers will have to choose techniques that align with
their specific management goals, public opinion, and financial constraints. A structured
decision making (SDM) framework provides a means of evaluating the trade-offs of
different management decisions and has been successfully applied to other game species
(Robinson et al. 2017).
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CHAPTER 2: IMPLICATIONS OF DECLINING FECUNDITY OF MOOSE IN
VERMONT, USA
2.1 Introduction
The moose (Alces alces) is an iconic species that is ecologically, economically,
and culturally important to many regions throughout their distribution (Timmermann and
Rodgers 2005, Franzmann and Schwartz 2007). Widespread throughout northern North
America and Eurasia, their distribution is closely associated with boreal forest
communities (Franzmann and Schwartz 2007). North American populations are abundant
throughout Canada and Alaska, USA, as well as along the northern border of the
contiguous United States (Franzmann and Schwartz 2007, Timmermann and Rodgers
2017). In the northeastern United States, populations are expanding in some states like
Maine, while declining in others, including New Hampshire and Vermont (Musante et al.
2010, Jones et al. 2017, Timmermann and Rodgers 2017, C. Alexander, personal
communication 2018, Ellingwood et al. 2019, Jones et al. 2019, Powers 2019). The
Vermont population has experienced considerable population decline in the past decade
(-35% since 2010) with the 2018 population size estimated at 1,665 individuals (C.
Alexander, personal communication 2018).
Warming climatic conditions in recent years are considered the driving factor
behind these population declines (Timmermann and Rodgers 2017, DeBow et al. 2019,
Jones et al. 2019). As warming trends continue, winters throughout moose range are
becoming shorter and less severe while summers are becoming warmer (Hodgkins et al.
2002, Dunfey-Ball 2017). These conditions are advantageous for parasites that affect
moose survival like winter tick (Dermacentor albipictus) and meningeal worm
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(Parelaphostrongylus tenuis) that have portions of their life cycle off-host and are
influenced by environmental conditions (Samuel 2004, Murray et al. 2006, Dunfey-Ball
2017). Additionally, heat stress can cause direct impacts to moose as they are adapted to
colder climates and lack adequate behaviors and physiology to cope with high heat
conditions (McCann et al. 2013).
Parasite-driven mortality has been recorded across the southern extent of moose
range in the contiguous United States (Ellingwood et al. 2019, Jones et al. 2019,
Lankester 2010, Murray et al. 2006, Murray et al. 2012, Powers 2019). For example, in
comparable radio-telemetry studies from 2014 to 2019 in Maine, New Hampshire, and
Vermont, calf (9-12 months old) survival of radio-marked individuals was observed at
38%, 39%, and 49% respectively, with > 90% of all mortalities attributed to the impacts
of winter tick and meningeal worm (DeBow et al. 2019, Ellingwood et al. 2019, Jones et
al. 2019, Powers 2019). Winter ticks are a single host species that quest (i.e., seek a host
during the larval stage) and attach to their host in the fall. After completing three life
stage changes (larvae to nymph to adult) throughout the winter on a host, adult females
take a large blood meal in late March to early April (Samuel 2004). Winter tick loads on
calf moose have been recorded as high as 90,000 per individual (Jones et al. 2019).
Large volumes of blood can be removed during a short time period when tick loads are
high, reducing individual health during late winter months and causing mortality in some
cases (Musante et al. 2007, DeBow et al. 2019).
Meningeal worm is a nematode parasite that manifests within the meninges
(membrane that covers the brain) of its host (Murray et al. 2006, Franzmann and
Schwartz 2007, Lankester 2010). Also known as brainworm, this parasite is common in
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white-tailed deer (Odocoileus virginianus). Although deer often coexist with this
parasite, the presence of meningeal worm is almost always fatal in moose (Franzmann
and Schwartz 2007).
Fecundity, the number of calves produced per adult female per year, is often a
function of age, body size, and individual health (Saether and Haagenrud 1983, Testa and
Adams 1998). Moose yearlings historically have fecundity rates between 0.24 and 0.30
in Vermont and New Hampshire, respectively, compared to average rates of 1.05 and
0.94 per adult female (Boer 1992, Musante et al. 2010, C. Alexander, personal
communication 2018). Larger females produce calves earlier and more frequently
(Adams and Pekins 1995, Testa and Adams 1998); yearlings < 200 kg often do not
ovulate (Saether and Heim 1993, Adams and Pekins 1995, Sand 1996). An 11%
twinning rate was documented in New Hampshire during a study from 2002 to 2005
(Musante et al. 2010). Yearling pregnancy and adult twinning rates are used as indicators
of the overall health of a herd as they typically show immediate declines in a resource
limited population (Franzmann and Schwartz 1985, Boer 1992, Adams and Pekins 1995).
The same threats that are driving moose mortality in the northeastern United
States may also be affecting reproduction. Population level implications of winter tick
epizootics (> 50% 9-12 month old calf mortality) have been documented in New
Hampshire, Maine, and Vermont (DeBow et al. 2019, Musante et al. 2010, Jones 2016,
Jones et al. 2017, Ellingwood 2018, Ellingwood et al. 2019, Jones et al. 2019, Powers
2019). In New Hampshire, for example, yearling pregnancy, adult birth rate, and rate of
twinning decreased to 0%, 51% and 0%, respectively, during a study from 2014 to 2016
(Jones et al. 2017) that attributed declines to winter tick.
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Moreover, newborns must survive and ultimately be recruited into the breeding
population for the population to persist. Decreased nutrition of adult females and the
related effects of low nutritional status on maternal health may affect offspring success
(Saether and Haagenrud 1983). For example, compromised females gave birth to smaller
calves, predisposing them to negative environmental effects in interior Alaska, USA
(Keech et al. 2000). Calves of unhealthy adults likely will not reach a weight large
enough to breed as yearlings. Therefore the effects of unhealthy adults can cascade
through age classes, further reducing recruitment (Keech et al. 2000, Samuel 2004).
Understanding all components of the breeding process will be important for
managing and sustaining moose populations in the northeastern US and the southern
periphery of their range in North America. Pregnancy, birth rates, and overall recruitment
of newborns to age 1 are likely experiencing negative influences of increased parasitism
reflected in overall decreased health of breeding females across much of their southern
range (Jones et al. 2017, Timmermann and Rodgers 2017). Due to the compounding
effects of decreased fecundity and recruitment on a population of slow-growing and longlived animals, it is important to estimate the current vital rates and the variables that may
influence them, including variables that can be actively managed. In the face of known
and substantial population decline, sustained decreases in fecundity and recruitment may
result in the threat of extirpation of moose from Vermont and other regions of the
northeastern US.
We conducted a study of moose fecundity among a radio-collared population in
Vermont. The objectives were to 1) Estimate pregnancy rates and factors that affect
pregnancy rates of marked adults at capture, 2) Estimate fecundity rates and factors that
45

affect the number of offspring produced per adult female per year, and 3) Estimate
neonate survival and factors that influence the daily probability of survival 60 days post
parturition.
2.2 Methods
2.2.1 Study Area

10Figure 2-1. Location of study area (1,738 km2) in northeastern Vermont, USA. A total

of 127 moose (Alces alces) were radio-collared over a 3 year period (2017-2019). The
northern boundary adjoins Quebec, Canada. Red triangles represent locations of weather
stations used to measure temporal variables for various models.
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We conducted the study in northeastern Vermont, within Wildlife Management
Units (WMU) E1 and E2 (Figure 2-1; VFWD 2017) due to their relatively high density of
moose in the state (approximately 0.39/km2). The study area occurred primarily within
Essex County, encompassed 21 towns, and covered 1,738 km2. Rt. 2 north to the
Canadian border and Rt. 114 East to the Connecticut River comprised the outer
boundaries of the study area (Figure 2-1). WMU E1 and E2 were separated by Rt. 105
with E1 to the north and E2 to the south (Figure 2-1).
Forest composition of the study area was largely northern hardwoods: yellow
birch (Betula alleghaniensis), sugar maple (Acer saccharum), and beech (Fagus
grandifolia) in mid and higher elevations, and primarily red spruce (Picea rubens) and
balsam fir (Abies balsamea) on elevated peaks. Lowlands and wet areas were primarily
comprised of black spruce (Picea mariana), eastern white cedar (Thuja occidentailis),
and speckled alder (Alnus incana). Large portions of the study area were conserved in
federal or state managed forests, while others were actively managed for timber. This
created a mosaic of forest age classes with a constant presence of regenerating forest.
Smaller parcels of private lands were concentrated around the edges of the study area.
Four distinct seasons occurred within the study area, here defined as summer
(Jun-Aug), fall (Sep-Nov), winter (Dec-Feb), and spring (Mar-May). The moose breeding
period (or rut) occurred within the fall season and is defined as 15 Sep to 15 Oct. Summer
temperatures can reach 32 °C with an average annual temperature of around 11 °C
(NCDC 2019). Annual precipitation ranges from 100 to 110 cm per year (NCDC 2019).
Average snow fall totals range between 220 and 250 cm annually (NCDC 2019) and can
vary considerably with elevation.
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2.2.2 Radio-collaring
We captured and radio-collared female adult (≥ 1 yo) moose and monitored their
reproduction over time. Animals were radio-collared mainly through the use of aerial netgunning by helicopter and physical restraint in January of 2017, 2018, and 2019.
Duration of capture ranged from three to six days each year. Aerial darting was used in
the rare circumstance where netting posed a threat to the health of a target individual
(Musante et al. 2010, Jones et al. 2017, DeBow et al. 2019). All moose captures were
conducted by Native Range Capture Services (NRCS, Elko, Nevada). The capture crew
collected feces and hair samples from each individual, indexed the number of ticks (based
on counts from four, 10 cm transects on the shoulder and rump), estimated general body
condition, and collected 30 ml of blood (See Appendix I for a copy of the capture
datasheet). Body condition was subjectively assigned to four categories (1-very thin, 2thin, 3-normal, 4-fat) by the capture crew based on palpation of the spine, ribs, and rump
(Jones 2016). Blood was collected in two 10 mL clot activator vacutainers and one 10 ml
EDTA vacutainer; clot activator vacutainers were spun in a centrifuge for serum.
We fit each moose with a Survey Globalstar V7.1 GPS collar (VECTRONIC Aerospace
GmbH, Berlin, Germany) equipped with a very high frequency (VHF) beacon that
transmitted from 6am to 6pm and a global positioning system (GPS) sensor that
transmitted a GPS location every 13 hours. The GPS fix interval was chosen to ensure
fixes would be staggered throughout time. Collars affixed to females weighed
approximately 0.85 kg. We also attached ear tags (Global Large Female, ALLFLEX
USA, Texas, USA) with a unique identifying number to each moose. Animal capture and
handling followed guidelines of the American Society of Mammalogists (Sikes et al.
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2016) and all protocols were approved by the University of Vermont Institutional Animal
Care and Use Committee (protocol #17-035). Animals were only handled once at capture
and individuals changed age classes through time. Therefore, inconsistencies of annual
biological data limited available individual covariates for analysis (i.e. annual body
condition).
2.2.3 Objective 1: Estimate rates of pregnancy and factors that affect pregnancy at
capture
Animals at capture were grouped into two age classes: calves (< 1 year old) and
adults (≥ 1 year old). We did not age any animals > 1 year old to limit invasive
procedures during capture, and assumed all individuals in the adult age class were
capable of breeding. From all adult moose captured, we tested for the pregnancy specific
protein-B from serum samples (BioPRYN WILD, Moscow, Idaho, USA). This test is
considered 99% accurate for non-pregnant cows, and 93-95% accurate for pregnant cows.
We evaluated 6 univariate logistic regression models to estimate the probability of
pregnancy at capture as a function of individual or annual covariates (Table 2-1). An
intercept model was used to estimate the average rate of pregnancy for all cows.
Individual covariates included body condition score at capture, which measured the
general health of each individual. Annual covariates included temporal measurements of
weather conditions during the previous year’s breeding period (e.g., weather conditions
during the 2016 rut were used to represent cows tested in January of 2017). Weather
covariates included maximum, minimum, and mean temperatures in the study area, as
well as precipitation during that breeding period. Weather variables were collected and
averaged from six National Oceanic Atmospheric Administration (NOAA) weather
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stations throughout the study area (Figure 2-1; Table 2-1; NCDC 2019). We used model
selection approaches to rank the 6 models with Akaike’s Information Criterion adjusted
for small sample size (AICc) (Burnham and Anderson 2002) and draw inferences.
Logistic regression analyses were conducted with the glm function in R (R Core Team
2017).
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9Table 2-1. Description of covariates used to estimate the probability of pregnancy at capture and the fecundity rate of
adult moose (Alces alces) in northeastern Vermont, USA from 2017 to 2019. Covariates used include annual
(affects every individual the same) and individual (unique to each animal) variables. * denotes covariates used to
estimate pregnancy at capture, + denotes covariates used to estimate fecundity rate.

Covariate Name

Measure

Predicted
effect on Data Source
survival

Reference

Body condition score of each adult cow as assigned by the capture crew at capture.
Condition spans from 1-4 (1 = very thin, 2 = thin, 3 = normal, 4 = fat.

#

+

MaxTemp *

Average maximum daily temperature during the breeding season (Sept. 15th - Oct.
15th) of the breeding season prior to obtaining pregnancy test

Degree Celsius

-

MinTemp *

Average minimum daily temperature during the breeding season (Sept. 15th - Oct.
15th) of the breeding season prior to obtaining pregnancy test

Degree Celsius

+

MeanTemp *

Average observed daily temperature during the breeding season (Sept. 15th - Oct.
15th) of the breeding season prior to obtaining pregnancy test

Degree Celsius

Null

Precipitation *

Average daily precipitation during the breeding season (Sept. 15th - Oct. 15th) of the
breeding season prior to obtaining pregnancy test

Millimeters

-

Age +

Age of cow during a given year. Adults captured in the first year were not aged but
can be assumed to be 2 years old or greater. As they move through the study they
become 3 years old or greater and 4 years old or greater, respectfully. Central incisors
are removed from adults that die and submitted for aging.

#

+

Field Data

Adams and Pekins
1995

Year +

Year of capture

#

Null

Field Data

Adams and Pekins
1995

Individual BodyCondition *

Annual

Description
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Field Data
National
Climate Data
Center
National
Climate Data
Center
National
Climate Data
Center
National
Climate Data
Center

Bergeron et al. 2013

Schwartz 2007

Schwartz 2007

Schwartz 2007

Schwartz 2007
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Type

2.2.4 Objective 2: Estimate fecundity rates and factors that affect fecundity rates
We measured fecundity of marked female adults by direct observation in the field
(hereafter referred to as “walk-ins”). Walk-ins were conducted on all radio-collared
female adults each year, regardless of their pregnancy test result. During the summer
calving season (01 May to 31 July) animals were tracked on foot using handheld
telemetry equipment. Each animal was tracked to within sighting distance (typically
around 20-50 m) to determine the presence or absence of a neonate.
We attempted to obtain visuals on each pregnant moose 2-3 times per week
during the summer season. Presence of a neonate (0-60 days) was determined by
confirmed visual or presence of neonate sign (i.e., tracks, beds, vocalizations).
Parturition dates were assigned by backdating from the estimated age of neonates based
on coordination, mobility, wet or dry appearance, and presence of an umbilical cord
(Larsen et al. 1989). For any given year, adults that were not observed with a neonate
before 31 July were assumed to have produced 0 offspring.
A generalized linear mixed-effects logistic model was used to estimate fecundity
rates (presence or absence of offspring) of adult and yearling female moose with the R
package lme4 (Bates et al. 2015, R Core Team 2017). The model set consisted of 4
models, each included a random-effect of individual (MooseID) to represent the
unmeasurable characteristics of each moose. Random effects were included because
some individuals were represented in the data more than once (e.g., a female that was
collared in the first year of study and was observed over three reproductive periods). In
addition to the individual moose random effect, models included fixed effects of age,
year, age + year, and an intercept (Table 2-1).
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For each year, the age of each adult female was assigned to one of four categories:
“2”, “≥3”, “≥4”, and “unknown”. Animals were grouped into adult and calf age classes
at capture. Therefore, adults were aged as “unknown” during their first year of the study
but were presumed to be ≥ 2. In subsequent years, each animal advanced in age by one
year, and were classified as “≥ 3” or “≥ 4”, depending on the year of study. Likewise,
females captured as calves could be correctly assigned to an age class in future years.
Central incisors were collected and submitted for aging from adult cows that deceased (n
= 16). These cows were then backdated for known age during preceding birth periods.
We used Akaike’s Information Criterion adjusted for small sample size (AICc) to
identify the relative support of each of the 4 models evaluated (Burnham and Anderson
2002). We considered models with strong empirical support as those with < 2 ΔAICc
scores from the top model (Burnham and Anderson 2002).
2.2.5 Objective 3: Estimate neonate survival and factors that affect neonate survival
Neonate survival was measured through direct observation using the same
methods for walk-ins as described above. Once a cow was observed with a neonate, she
was monitored 2-3 times weekly to determine presence or absence of a neonate. Loss of a
neonate after first visual was confirmed by a visual of the deceased neonate or by three
subsequent walk-ins in which the neonate was not detected. In the latter case, the middle
point between last observation and first date missing was assigned as its death date
(Musante et al. 2010, Jones 2016).
Daily survival rate of unmarked neonates, identified as 1-60 day old calves, was
estimated using the Shaffer logistic exposure model, a generalized linear model that
allows for varying visitation intervals (Shaffer 2004). In this model, each period between
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walk-in checks constituted a binomial trial where t = the number of days in the interval,
and the probability that the neonate survives the interval is  = st, where s is a daily
survival rate that depends on the value of some explanatory variables such as individual
or temporal covariates (Shaffer 2004). Exposure intervals were created for each neonate
from the time of birth to time of death or age 60 days, whichever came first. The length
of each interval was computed as the number of days between walk-ins, and the fate of
the neonate (survive or die) was recorded for each interval.
The Shaffer (2004) logistic exposure model easily incorporates both intervalspecific and individual covariates to assess their effect on daily survival. For each
neonate, we measured interval-specific variables (averages) from both NOAA weather
stations (precipitation, mininimum, mean, and maximum temperature) and from the adult
cow’s radio-collar (average distance moved, and collar temperature) (Table 2-2). We
used the R package adehabitatLT (Calenge 2006) to compute the adult cow’s average
distance moved within each interval.
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10Table 2-2. Covariates used in the Shaffer (2004) logistic exposure nest-survival model to estimate survival of
unmarked neonate (< 60 days old) moose (Alces alces) in northeastern Vermont, USA from 2017 to 2019. Covariates
used included annual (affects all individuals the same) and individual (unique to each animal) variables.

Annual

Individual

Covariate Name

Description

Maximim temperature

Average maximum temperature per exposure period

Minimum temperature

Average minimum temperature per exposure period

Precipitation

Average precipitation per exposure period

Birth date

Date of birth for neonate moose as recorded by direct observation

Days Since Birth

Number of days since neonate was born

Distance traveled

Predicted
Measure effect on Data Source
survival
National
Degrees
Climate Data
celsius
Center
National
Degrees
Climate Data
celsius
Center
National
Millimeters
Climate Data
Center

Reference
McCann et al.
(2013)
Schwartz (2007)

Schwartz (2007)

Date

+

Field Data

Jones et al. (2017)

#

+

Field Data

Jones et al. (2017)

Average daily linear distance traveled between GPS points during exposure period

km²

-

Field Data

Schwartz (2007)

Home range area

Total home range area (km²) of adult cow during gestation period

km²

+

Field Data

Schwartz (2007)

Principle component
analysis

Principle component analysis completed with the following rasters; Deciduous, developed,
evergreen, mixed, shrub, and wetland. Rasters are extracted from the 2016 National Land Cover
Dataset (NLCD) and represent proportion of each habitat type present in an adult cows home
range during the gestation period.

#

+

National
Climate Data
Center

Schwartz (2007)

Collar temperature

Average temperature as recorded by the radio collar affixed to adult female (often does not reflect Degrees
ambient temperature)
celsius

-

Field Data

McCann et al.
(2013)
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Type

Individual covariates included date of birth, days since birth, and home range
characteristics of the female adult (Table 2-2). Home ranges for each individual were
estimated from radio-collar locations as 95% fixed kernels (Worton 1989) with the R
package adehabitatHR (Calenge 2011). National Land Cover Dataset (NLCD, 2016) was
used to compile spatial information for each home range. The boundaries of our study
area were then used to clip and extract binary rasters of deciduous, mixed, evergreen,
developed, shrub, and wetland from the NLCD natinowide basemap. Each subsequent
raster represented a single NLCD habitat type at the 30 x 30 m scale and contained a
binary output (presence or absence of a given habitat type) that could be used to calculate
home range statistics. In order to characterize impacts of habitat during the gestation
period, the six rasters were reduced in a principal component analysis (PCA) into two
principal components. Home range PCA values were computed from GPS collar data 231
days prior to the mean birth rate observed in our study to represent length of gestation
(Schwartz and Hundertmark 1993) (Table 2-2).
We examined 13 models to estimate the daily survival probability of calves,
consisting of univariate and additive models that combined temporal and individual
covariates (Table 2-2). Models were ranked using Akaike’s Information Criterion
adjusted for small sample size (AIC c) (Burnham and Anderson 2002). Assumptions of
our model as described by Shaffer (2004) included: 1) calves are accurately aged at first
sighting, 2) fate was accurately determined, 3) field observations did not influence
survival, 4) neonates survive or fail independently of one another, and 5) daily survival
probabilities are homogeneous among nest days having the same values of explanatory
variables (Shaffer 2004). We implemented the Shaffer (2004) logistic exposure model in
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R with the glm function that called the Shaffer logistic exposure link function provided
by B. Bolker (Bolker 2019).

2.3 Results

2.3.1 Objective 1: Estimate rates of pregnancy at capture
Pregnancy rates were measured from 36 radio-collared adults during the January
capture period of 2017 (n = 30) and 2018 (n = 6) (Table 2-3). During capture, all animals
older than the calf age class (> 12 months) were considered adults and received
pregnancy tests; therefore, this sample may include yearlings. Observed pregnancy rates
were 63% and 83% in 2017 and 2018, respectively, with a two-year average of 67%
(Table 2-3). Pregnancy rates could not be obtained from animals subsequent to their year
of capture as individuals were only captured and handled once during the study.
11Table 2-3. Protein-B specific pregnancy test results from cow moose (Alces alces)
captured in 2017 and 2018 in northeastern Vermont, USA. Pregnancy test may contain
yearling moose as adults and yearlings were not identifiable as different during capture.
Protein-B specific pregnancy tests are considered 99% accurate for non-pregnant cows,
and 93-95% accurate for pregnant cows (BioPRYN WILD, Moscow, Idaho, USA).

Pregnancy Test
Calf
2017 30

Adult
30

+

-

19 (63%) 11 (37%)

2018

30

6

5 (83%)

1 (17%)

2019

30

-

-

-

Total

90

36

24 (67%) 12 (33%)

12Table 2-4. Logistic regression model selection results and parameter estimates for
pregnancy rate data of adult (≥ 1 year old) moose (Alces alces) in northeastern Vermont,
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USA. Covariates used include annual conditions and those that varied among individuals.
Temporal variables (max, mean, min temperatures and precipitation) were calculated
based on the previous year’s breeding period (15 Sep to 15 Oct). For example, pregnancy
rates modeled in 2017 were based on the weather conditions during the fall of 2016.

Model
AICc
BodyCondition 47.64

Δ AICc
0.00

AICcWt
0.27

Intercept
MaxTemp

47.95
49.20

0.31
1.56

0.23
0.12

MeanTemp

49.20

1.56

0.12

MinTemp

49.20

1.56

0.12

Precipitation

49.20

1.56

0.12

Parameter
Intercept
Covariate
Intercept
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate
Intercept
Covariate

Estimate Std. Error
-2.93
2.35
1.29
0.83
0.69
0.35
0.19
0.62
0.02
0.02
0.35
0.49
0.02
0.03
0.43
0.44
0.03
0.03
1.65
1.14
-0.90
0.98

There was high model selection uncertainty among the 7 models that evaluated
the probability of pregnancy; all models had a ∆AIC score < 2 from the top model
indicating that each had strong empirical support (Table 2-4). Body condition and
intercept were the two top models and together carried 50% of the model set weight
(Table 2-4). Body condition score was positively related to the probability of pregnancy,
although the coefficient estimate had high uncertainty likely due to sample size and was
not significantly different than 0 (Figure 2-2). The intercept model, or null model,
indicated that the probability of pregnancy for all moose was between 0.51 and 0.82. Of
the remaining models, none of the covariates evaluated were statistically different than 0.
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11Figure 2-2. Effect of body condition score (as measured at capture) on the probability
of pregnancy at capture. Gray circles and light dotted lines (95% confidence intervals)
show positive effects of body condition score. The heavy black line and dashed lines
(95% confidence intervals) represent the intercept model.

2.3.2 Objective 2: Estimate fecundity rates and factors that affect fecundity rates
Across years, the observed birth rate of all female moose was 0.57 (63 of 110),
and ranged between 0.53 (21 of 40 in 2019) to 0.62 (26 of 42 in 2018; Table 2-5). Adult
and yearling birth rates are often recorded separately due to the large difference in
ovulation between the two age classes. Yearling (2) and adult (≥3) fecundity was
observed at 0.08 (1 of 13) and 0.64 (62 of 97) respectively during the three-year
monitoring period (Table 2-5). Only one instance of twinning was observed over the
study and occurred in 2017.
13Table 2-5. Number of recorded births and number of viable females monitored during
the birthing season in 2017, 2018, and 2019 in northeastern Vermont, USA. Birthing
events were recorded through visual monitoring during the peak birthing time period (01
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May to 01 August) of each year. Age classes were known or assumed based on age class
of the individual on the year they were captured. One set of twins occurred during the
2017 season and is represented in bold.

2017
2018
2019
Total
Birth n Birth n Birth n Birth n
2 (yearling) 0
0
1
9
0
4
1
13
≥3
0
1
17 22
5
12 22 35
≥4
5
5
4
6
16 24 25 35
unknown
11 22
4
5
0
0
15 27
Total
16 28 26 42 21 40 63 110
Age Class

12Figure 2-3. Date of birth of 63 neonate moose (Alces alces) over a three year period

(2017-2019). Births were recorded via direct observation during the peak birthing time
period (01 May to 01 Aug) of each year and exact birth dates were backdated using
techniques outlined in Larsen et al. (1989). Dates shown on the x-axis represent earliest,
average, and latest birth date recorded.
Mean birth date over the three-year period was 18 May with 87% of births (55 of
63) occurring within one week of the mean date. Yearly mean birth dates were observed
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at 18 May, 17 May, and 21 May during 2017, 2018, and 2019, respectively (Figure 2-3).
Earliest and latest births recorded over the duration of the study were 07 May and 06
June, respectively.
Of the candidate mixed effect logistic models that predicted the probability that an
adult would give birth to a neonate, Year + Age and Age were the only two models
supported (Table 2-6). Year + Age was the top model and carried over half of the model
list weight (0.63); the Age model carried the remainder of the weight in the model set
(Table 2-6). The top model suggested that the probability of giving birth increases with
age (Figure 2-4). Birth rates for individuals ≥ 4 were estimated at values > 0.6 during all
three years of the study whereas all other age classes fall below 0.5 during at least one
year. These trends were not unexpected, although the age class definitions were vague
and likely included a wide variety of ages within any given class.
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14Table 2-6. AICc and parameter estimates of five models used to estimate fecundity of

adult (≥1 year old) and yearling (< 1 year old) female moose (Alces alces) in northeastern
Vermont, USA. All models included a random effect of individual. Reference age class
(intercept) in the top model is ≥ 3, and the reference year is 2017.

Model

AICc Δ AICcAICcWt

Year + Age 141.75 0.00

0.63

Age

142.78 1.04

0.37

Intercept
Year

154.27 12.52
157.80 16.05

0.00
0.00

Parameter (Age
Upper 95 Lower 95
Estimate Std. Error
and Year)
CI
CI
0.32
0.80
1.88
-1.25
≥3
0.96
0.59
2.12
-0.20
≥4
2
-3.27
1.13
-1.06
-5.47
unknown
-0.22
0.80
1.34
-1.79
2018
0.74
0.77
2.26
-0.77
2019
-0.62
0.81
0.98
-2.22
0.53
0.35
1.21
-0.16
≥3
0.39
0.51
1.39
-0.61
≥4
2
-3.01
1.10
-0.86
-5.16
unknown
-0.30
0.52
0.72
-1.33
0.29
0.19
0.67
-0.08
Intercept
0.29
0.38
1.04
-0.46
2017
2018
0.20
0.50
1.17
-0.78
2019
-0.19
0.50
0.78
-1.16
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13Figure 2-4. Estimated birth rates of yearling and adult moose (Alces alces) in

northeastern Vermont, USA. Vertical bars show 95% confidence intervals. Birthing
events were recorded through visual monitoring during peak birthing time period (01
May to 01 Aug) of each year. Adult age classes were known or assumed based on age
class of the individual on the year they were captured.
2.3.3 Objective 3: Estimate neonate survival and factors that affect neonate survival
Neonate survival past 60 days post partition was observed at 0.67 (42 of 63). By
year, observed neonate survival was 0.63 (10 of 16), 0.69 (18 of 26), and 0.67 (14 of 21)
in 2017, 2018, and 2019, respectively. Only one neonate was born to a yearling during
the study and survived past 60 days. Of the 21 deceased neonates, the average date of
mortality was 9.6 days post parturition and ranged from 0 to 57 days. The majority of
mortalities (80%) occurred within two weeks (14 days) of birth.
We evaluated the probability of daily survival for neonates based on a variety of
interval-specific variables and individual variables such as home range habitat
characteristics as measured through Principal Component Analysis (PCA). PCA reduced
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6 habitat variables into 2 Principal Components that cumulatively explained 69% of the
variation in home ranges among breeding adults (Table 2-7 and Figure 2-5). PC1 loaded
positively on developed, evergreen, and wetland habitat and negatively on deciduous and
shrubland habitat (Table 2-7). PC2 loaded positively on deciduous, developed, and
wetland habitat and negatively on evergreen and mixed habitats (Table 2-7).

15Table 2-7. Principal component analysis (PCA) condensed 6 habitat variables thought

to be most important to the winter health of an adult (≥ 1 year old) female moose (Alces
alces) in northeastern Vermont, USA into two Principal Components (PC). The two
components were then used as inputs to the Shaffer (2004) nest survival model to
represent the impact of winter habitat quality on neonate survival.

Standard deviation
Proportion of Variance
Cumulative Proportion

PC1
1.69
0.48
0.48

PC2 PC3 PC4 PC5
1.13 0.98 0.78 0.53
0.21 0.16 0.10 0.05
0.69 0.85 0.95 1.00

PC6
0.12
0.00
1.00

Input Weight
Wetland
Developed
Evergreen
Mixed
Shrub
Wetland

PC1
-0.46
0.43
0.48
0.01
-0.38
0.49

PC2
0.29
0.20
-0.26
-0.81
0.03
0.38

PC6
0.62
0.03
0.46
0.29
0.40
0.41
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PC3 PC4 PC5
0.53 -0.16 0.15
0.29 0.67 0.50
-0.25 -0.48 0.45
0.29 0.31 -0.28
-0.70 0.45 0.09
-0.06 0.07 -0.67

14Figure 2-5. Principal component analysis output showing relative and directional

influence of 6 covariates on adult cow winter habitat during gestation in northeastern
Vermont, USA. We used 231 days prior to the median birth date to estimate gestation and
reflect the impact of winter range on fetus development.
Of the candidate logistic exposure models that predicted the daily probability of
neonate survival (Shaffer 2004), two univariate and one multivariate model had ΔAICc
scores of < 5, and two models carried 92% of the weight within the model set (Table 28). The neonate age model was the most supported model, in which the probability of
daily survival increased as the neonate advanced in age (Figure 2-6). Daily survival was
estimated at 0.97 (0.98 to 0.94, 95% CI) on day zero (day of birth) and increased steadily
as time progressed. By 30 days post partition, daily survival estimates rose to 0.997, and
0.999 by 60 days (Figure 2-6). Under this model, cumulative survival from age 0 to age
60 was estimated at 0.65 (95% CI = 0.44 to 0.79). The second best supported model
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included both neonate age and neonate birthday, which suggested that daily neonate
survival decreased with earlier birthdates; this effect was not significantly different than 0
however. No other models were significant or showed similar support.
16Table 2-8. AICc and parameter estimates of thirteen univariate and multivariate

logistic exposure models (Shaffer 2004) used to estimate moose (Alces alces) neonate
survival to 60 days in northeastern Vermont, USA. Both univariate and additive models
that combined temporal and individual covariates were analyzed.
Model

AICc Δ AICc AICcWt

calfAge

156.32 0.00

0.60

calfAgeBirth

157.57 1.25

0.32

birthday

161.39 5.07

0.05

birthdayWeather

164.55 8.24

0.01

maxTemp

170.09 13.77

0.00

minTemp

174.89 18.58

0.00

precipColdTemp 175.97 19.66

0.00

hrArea

179.43 23.12

0.00

collarTemp

181.18 24.86

0.00

Intercept
PCA

181.33 25.02
182.05 25.74

0.00
0.00

distTravel

182.94 26.62

0.00

Precip

183.33 27.02

0.00

Cumulative
Weight

Parameter

0.61
0.61
0.94
0.94
0.94
0.99
0.99
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

Intercept
DaysSinceBirth
Intercept
Birthday
DaysSinceBirth
Intercept
Birthday
Intercept
Precipitation
Min temperature
Birthday
Intercept
Max temperature
Intercept
Min temperature
Intercept
Precipitation
Min temperature
Intercept
Home range
Intercept
Collar temp
Intercept
Intercept
PC1
PC2
Intercept
Distance traveled
Intercept
Precipitation
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Estimate Std. Error
3.40
0.08
8.57
-0.04
0.12
-5.09
0.06
-6.49
-0.02
-0.08
0.08
0.91
0.20
3.73
0.18
3.79
-0.07
0.20
4.62
0.01
3.65
0.08
5.18
5.22
-0.14
-0.34
5.02
0.00
5.16
0.01

0.36
0.02
5.74
0.04
0.05
2.57
0.02
3.12
0.08
0.10
0.02
1.07
0.05
0.50
0.06
0.50
0.07
0.07
0.40
0.01
1.00
0.05
0.24
0.25
0.13
0.22
0.35
0.00
0.34
0.08

Upper
95 CI

Lower
95 CI

3.92
0.11
16.84
0.02
0.18
-1.39
0.09
-2.01
0.09
0.06
0.11
2.46
0.27
4.44
0.27
4.50
0.02
0.30
5.19
0.02
5.10
0.16
5.52
5.57
0.05
-0.03
5.52
0.00
5.65
0.12

2.88
0.05
0.30
-0.10
0.05
-8.80
0.04
-10.98
-0.13
-0.23
0.04
-0.63
0.12
3.01
0.09
3.07
-0.17
0.10
4.04
0.00
2.20
0.00
4.84
4.86
-0.33
-0.65
4.51
0.00
4.67
-0.10

15Figure 2-6. Daily survival estimates of neonate moose (Alces alces) in northeastern

Vermont, USA based on days since birth as estimated from the Shaffer logistic exposure
survival model (2004).
2.4 Discussion
Moose have experienced declines in several regions across the southern periphery
of their distribution in North America, which presents new management challenges to
maintaining sustainable, viable populations (Timmermann and Rodgers 2017). In the
northeastern US, populations in some states including Vermont, have experienced
declining trends and large fluctuations marked by periodic epizootics driven by the
impacts of winter ticks and potentially other parasites like brainworm (DeBow et al.
2019). While the effects of ticks and other landscape factors on moose survival are well
studied, the impacts on fecundity are less understood, yet important for managing
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population recruitment. In Vermont, the productivity estimates we observed were
significantly lower than North American averages (Boer 1992, C. Alexander, personal
communication 2018), reflecting decreased nutritional status of individuals (due to
parasites) and overall health of the population. Observed vital rates resembled those
recorded in neighboring states of New Hampshire and western Maine (Jones 2016, Jones
et al. 2017, Powers 2019) and indicate the challenges moose face regionally.
Synchronized birthing events across all three states further highlight a linked regional
moose herd (Musante et al. 2010, Jones et al. 2017) suggesting that coordinated
management across a broader spatial scale (rather than at the state or local level) would
be warranted and potentially more effective.
Adams and Pekins (1995) described 200 kg as the threshold weight for yearling
female moose to become reproductive. Only one yearling pregnancy was recorded during
our study, which probably reflects a smaller average weight of yearling females. We
believe this to be a product of the negative effects of winter tick parasitism on calf moose
as > 50% of calves die during their first winter, and those who survive are in significantly
reduced health (DeBow et al. 2019). Yearling pregnancy is highly variable and directly
linked to body condition (Sand 1996) which reflects nutritional status. Compromised
calves moving into their second year (i.e., becoming a yearling) likely will not reach the
200 kg threshold to ovulate as yearlings. As yearling pregnancy decreases, most
individuals have their first reproductive effort at age 2.4 (Schwartz 2007). Because first
time breeders have lower pregnancy rates and are more likely to give birth to smaller
neonates (Schwartz 2007), the importance of older, larger, experienced breeders becomes
apparent (Adams and Pekins 1995, Bergeron et al. 2013, Solberg 2002).
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Low fecundity was not only observed in yearlings, but also adults. Adult
pregnancy rates at capture were observed at 0.67, a 48% reduction when compared to
corpora lutea counts of 1.3 in adult cows (>3) recorded in Vermont in 2003, when the
population was nearly three times larger (C. Alexander, personal communication 2018).
Birth rates of adult cows were observed at 0.64 during our study with only one case of
twinning observed, indicating that low birth rates stem from causes early in the
reproductive cycle. Adult ovulation is likely impacted through the nutritional costs of
repeated winter tick parasitism (Samuel 2004), reducing a females ability to recuperate
with each event, which in this case would be the winter period when individuals host
ticks. Regionally, epizootics were recorded in 5 of 6 years from 2014 to 2019 (DeBow et
al. 2019, Jones et al. 2019, Powers 2019), which presumably had compounding effects on
adult females and their health as it pertains to ovulation.
A compounding factor that further impacts fecundity and population recruitment
is that compromised adult females likely give birth to compromised neonates (Schwartz
2007), which has implications on neonate survival and their body size as they move into
this parasite rich system. Neonate survival to 60 days (observed at 0.67) was lower than
that recorded in studies in New Hampshire (0.77) and Maine (0.94) during a similar time
period (2014 to 2016; Jones et. al 2017), but closer to that recorded in New Hampshire
(0.71) from 2002 to 2005 (Musante et al. 2010). Neonate age (days since birth) was the
strongest predictor of daily neonate survival, supporting observations in New Hampshire
(Jones 2016). This effect of neonate age has been recorded in other ungulates like whitetailed deer (Carstensen et al. 2009) and elk (Cervus elaphus) (Smith and Anderson 1996)
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as neonates are smallest and least able to escape predation or cope with environmental
conditions (Franzmann et al. 1980).
When modeled alone, birth date was also a significant factor and favored later
born calves. For example, a neonate born on 07 May (earliest recorded birth) had a
predicted daily survival of 0.95, whereas a neonate born on 18 May (median parturition
date) had a predicted daily survival of 0.97. Smith and Anderson (1996) recorded a
similar observation among elk in Wyoming, USA, and hypothesized that poor foraging
conditions for black bears (Ursus americanus) may heighten predation pressure on early
born neonates. While direct predation was not recorded in our study, black bears are
known to predate on moose neonates regionally (Musante et al. 2010), and may account
for some portion of early born neonate mortality. Adult cows who give birth later may
also have the advantage of emerging buds and vegetation beginning to sprout,
presumably allowing them to produce more nutritious milk. Composition of moose milk
changes considerably through the lactation stage although little is known about how
environmental factors influence quality (Schwartz 2007).
Adult pregnancy, birth, and twinning rates as well as yearling birth rates were
significantly lower than those recorded in stable or increasing populations (Boer 1992,
Schwartz 2007). A decrease in these parameters is a strong indicator of a population in
extremely poor resource conditions (Franzmann and Schwartz 1985, Boer 1992,
Malmsten et al. 2014). However, within our study area, 5-35% of the landscape has been
recorded as optimal and available moose habitat including adequate winter range
(Dunfey-Ball 2017). Furthermore, habitat (as represented through home range PCA
scores) was unrelated to neonate survival. We believe that the nutritional demand of
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increased and compounding parasitism from winter ticks has taken the place of poor
habitat in influencing individual nutrition and in turn all reproductive variables.
Moose were only captured and handled once during this study, which limited our
ability to track the physiological condition of each moose through time and directly
evaluate the effects of parasites on reproduction. Although logistically challenging in
wild populations, monitoring the temporal effects of ticks on reproduction would provide
a more comprehensive understanding of the relationships between parasitism,
reproduction, and population growth.
Management Implications
The combination of low pregnancy rates, low fecundity rates, and low neonate
survival rates to age 60 days suggests that both reproductive and survival processes are
driving the observed population decline of Vermont moose. Decreased pregnancy rates
and birth rates create population level concerns with regards to reproductive potential to
breeding age. For example, of the 110 adult cows monitored, 42 neonates survived past
60 days, indicating a 0.38 recruitment rate to 60 days. Furthermore, if we include known
9-12 month calf survival rates (0.49) (DeBow et al. 2019), recruitment to 1 year drops to
0.19. If the sex ratio is assumed at 50:50 (Schwartz 2007), it would take approximately
100 adult cows of breeding age to produce 9-10 female moose that would reach their first
birthday. Although these observed rates are from a local population in Vermont, they
have value in understanding declines across the region given the links between
populations in Maine, New Hampshire, and Vermont.
As moose are not limited by habitat in this region (Dunfey-Ball 2017) and
predation is negligible, the low recruitment of new individuals in the breeding population
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is most likely a direct result of increased and incessant parasitism. In order to increase
body condition and in turn productivity, management practices could benefit by focusing
on reducing parasites in the landscape and disrupting the host-parasite relationship.
Reductions in winter ticks across the landscape may be achieved by reducing localized
moose densities. Decreasing available hosts would presumably limit the distribution of
winter ticks on the landscape and lower infestation rates on individual moose. If
reduction is accomplished through regulated hunting, restricting harvest of larger, older
cows would help maximize recruitment as they have shown to provide the highest
fecundity rates. Other potential approaches to reducing ticks include managing habitat to
spread localized moose densities more equitably across the landscape and generate less
suitable conditions for ticks. Any management approach to reduce parasites or moose
will have ecological, economic, and social trade-offs, which should be carefully
considered when making future management decisions.
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APPENDICES
Appendix I. Capture data sheet used to collect data from each radio-collared moose
(Alces alces).
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Appendix II. Necropsy data sheet completed for each deceased moose (Alces alces) in the
study. Data sheets were sent along with samples collected for pathology.
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